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ABSTRACT

LNG is a critical energy resource today and, with numerous new LNG ventures
under development; its importance is set to increase. While the market is becoming more
mature, LNG trading prices remain very dynamic, due to demand-supply volatility,
geopolitical concerns, regulatory issues and public scrutiny. To better manage this
uncertainty, the systems making up the entire LNG value chain (from production,
liquefaction and shipping in specially designed vessels, to re-gasification at the
destination terminal) have to be designed and operated in an optimal, safe and reliable
fashion.

This complex business climate makes it imperative that companies investing in
new LNG projects have confidence in both the technical and economic models required
to support optimal decision making. This report will look at some of the best practices
that enable better capital investment decisions based on rigorous model based analysis of
LNG value chain. It will also cover aspects of storage design and stimulation to
maximize operating performance, and to ensure safe and reliable operation of the LNG
assets through the use of advanced process control technologies. Industry examples and
case studies will be used to illustrate the recommended practices, which will include
basic design calculations.

This project feport focuses on:

(1) Study of LNG value chain,
(2) Designing and simulation on LNG storage facilities.

(i)
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1.1 Raw Natural Gas Composition

The Natural Gas is a mixture of several components. The presence of these components differ from to source, the most of
the components present are:

A. Organics Substances:-

. Methane (CHy) - (82-96) % 2
il. Ethane (C,Hy) - (4-10) % '
iil. Propane (C;Hjy) - (2-6) % b
iv. Butane (C4 H)) - (2-4) % i
V. Pantene (CsH,5) - - % ;
vi. Hexane (CgH,,) - 0-1)% *,
vii. Higher Hydrocarbons - 0-1) % : 3
B. Other Inorganic Substances:- E
i. Nitrogen (N) - (0-25) % K
ii. Carbon Dioxide (CO,) - (0-5) % g
iii. Sulphur Components - 4- 50ppm 3
iv. Helium - Traces
V. Mercury - Traces

1.2 Properties and uses of each component of natural gas
1.2.1  Organic Substances:

1.2.1.1 Methane: is a chemical compound with the molecular formula CH,. It is the simplest alkane, and the
principal component of natural gas. Burning one molecule of methane in the presence of oxygen releases one
molecule of CO, (carbon dioxide) and two molecules of H,O:

CH4 + 202 =CO0, + 2H,0

-Methane's relative abundance and clean burning process makes it a very attractive fuel. However, because it is a
gas (at normal temperature and pressure) and not a liquid or solid, methane is difficult to transport from the
areas that produce it to the areas that consume it. Converting methane to derivatives that are more easily

transported, such as methanol, is an active area of research. Certain micro-organisms can affect this selective
oxidation using enzymes called methane monooxygenases.

Usage:

» Power Generation: Gas based power plants

* Fertilizer: Gas based Fertilizer Plants

* Feedstock: Fertilizer, GTL, Sponge Iron, Glass, Ceramics, Hydrogen
* Automotive: Trucks, Buses, Cars, LCVs, Rickshaws, Two wheelers
* Industrial Heating Furnaces, Ovens

* Domestic Applications: Cooking, Heating air conditioning.

1.2.1.2 Ethane: is a chemical compound with chemical formula C,Hg. It is the only two-carbon alkane, that is,
an aliphatic hydrocarbon. At standard temperature and pressure, ethane is a Colourless gas.

Ethane is isolated on an industrial scale from natural gas, and as a byproduct of petroleum refining. Its chief use
is as petrochemical feedstock for ethylene production.

Page 2 of 69
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1.2.1.3 Propane: is a chemical compound with chemical formula C;Hg or more structurally, CH;CH, CHj;. It is
colorless and can be easily liquefied. Propane can be produced from natural gas, light crude oil, and oil refinery
gases. It is available as standalone liquefied propane or as a major constituent of liquefied petroleum gas (LPG).
It is an important raw material for the manufacture of ethylene and for the petrochemical industry. It is also used
as a refrigerant, extractant, solvent, aerosol propellant, and fuel for portable cooking appliances, torches, and
lighters.

Other uses:

o It is also used as a feedstock for the production of base petrochemicals in steam cracking.

* Propane is used in some flamethrowers, as the fuel, or as the pressurizing gas.

* Propane is also used as a feedstock for propyl alcohol, a common solvent.

« It is used as fuel in hot air balloons.

o It is used as propellant along with silicone oil (for lubrication) in air-soft guns. A paintball company has
made a paintball gun using propane, as opposed to the usual CO2 or Nitrogen.

e It is used in some combustion based potato guns.

e It is used in semiconductor manufacture to deposit silicon carbide

1.2.1.4 Butane, also called n-butane, is the un-branched alkane with four carbon atoms, CH3 CH2 CH2CH3.
Butane is also used as a collective term for n-butane together with its only other isomer, isobutene (also called
methyl propane), CH (CHj3)s.

Butanes are highly flammable, colorless, easily liquefied gases. The name butane was derived by back
formation from the name of butyric acid.

Butane gas is sold in bottles as a fuel for cooking and camping. When blended with propane and other
hydrocarbons, it is referred to commercially as LPG. It is also used as a petrol component, as a feedstock for the

production of base petrochemicals in steam cracking, as fuel for cigarette lighters and as a propellant in aerosol
sprays.

Very pure forms of butane, especially isobutene, can be used as refrigerants and have largely replaced the ozone
layer depleting halomethanes, for instance in household refrigerators and freezers. The flammability of butane is
not a major issue because the amount of butane in an appliance is not enough to cause a combustible mixture
given the amount of air in a room. The system operating pressure for butane is lower than for the halomethanes,

such as R-12, so direct conversion of R-12 systems to butane, such as in automotive air conditioning systems,
will not function optimally.

1.2.2 Other Inorganic substances:

1.2.2.1 Nitrogen: is a chemical element which has the symbol N and atomic number 7. Elemental nitrogen is a
colourless, odourless, tasteless and mostly inert diatomic gas at standard conditions, constituting 78.1% by
volume of Earth's atmosphere. Nitrogen is a constituent element of all living tissues and amino acids. Many
industrially important compounds, such as ammonia, nitric acid, and cyanides contain nitrogen.

Nitrogen gas has a wide variety of applications, including serving as an inert replacement for air where
oxidation is undesirable;
e To preserve the freshness of packaged or bulk foods (by delaying rancidity and other forms of
oxidative damage)
 Inordinary incandescent light bulbs as an inexpensive alternative to argon
On top of liquid explosives for safety.
«  The production of electronic parts such as transistors, diodes, and integrated circuits.
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»  Dried and pressurized, as a dielectric gas for high voltage equipment

»  The manufacturing of stainless steel

«  Use in military aircraft fuel systems to reduce fire hazard.

+  Filling automotive and aircraft tyres. It is a preferred option due to its inertness and lack of moisture or
oxidative qualities, as opposed to air, though this is not necessary for normal automobiles.

1.2.2.2 Carbon Dioxide: is a chemical compound. normally in a gaseous state, and is composed of the carbon
and two oxygen atoms. It is often referred to by its formula CO2. It is present in the Earth's atmosphere at a
concentration of approximately 0.038% and is an important greenhouse gas due to its ability to absorb many
infrared wavelengths of sunlight and due to the length of time it stays in the atmosphere. It is also a major
component of the carbon cycle. In its solid state, it is called dry ice. Carbon dioxide has no liquid state at normal
atmospheric pressures.

Applications:

» Transporting items that need to remain cold or frozen, such as food, without needing any mechanical
cooling source

* Blast cleaning

»  Freezing parts to make removal easier.

*  Keeping broken or powerless refrigerators and freezers cold.

*  Loosening floor tiles by shrinking and cracking them

»  Carbonating water and other liquids such as beer

*  Repelling mosquitoes and other insects

*  Creating low-sinking dense clouds of fog for dramatic effects by putting it in water and therefore
accelerating sublimation.

*  Freezing water in pipes with no valves or being repaired to stop leaking

e Making ice-cream

*  Minor dent repairs - dry ice can help to remove dents, by forcing a car's sheet metal to contract.

1.2.2.3 Sulphur: It is an abundant, tasteless, multivalent non-metal. Sulphur, in its native form is a yellow
crystalline solid. In nature, it can be found as the pure element or as sulfide and sulfate minerals. It is an
essential element for life and is found in two amino acids, cysteine and methionine. Its commercial uses are
primarily in fertilizers, but are also widely used in gunpowder, matches, insecticides and fungicides.

1.2.2.4 Helium (He): is a colourless, odourless, tasteless, non-toxic, nearly inert monatomic chemical element
that heads the noble gas series in the periodic table and whose atomic number is 2. It’s boiling and melting
points are the lowest among the elements and it exists only as a gas except in extreme condition. Extreme
conditions are also needed to create the small handful of helium compounds, which are all unstable at standard
temperature and pressure. It has a second, rare, stable isotope which as helium II is important to researchers
studying quantum mechanics (in particular the phenomenon of super fluidity) and to those looking at the effects
that near absolute zero temperatures have no matter (such as superconductivity).

Helium is the second most abundant and second lightest element in the Universe and was one of the elements
created in the Big Bang. In the modern Universe almost all new helium is created as a result of the nuclear
fusion of hydrogen in stars.

It is extracted from the natural gas by a low temperature process. Helium is used for many purposes that require

some of its unique properties, such as its low boiling point, low density, low solubility, high thermal
conductivity, or inertness. Pressurized helium is commercially available in large quantities.
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+  Because it is lighter than air, airships and balloons are inflated with helium for lift. In airships, helium is
preferred over hydrogen because it is not flammable and has 92.64% of the lifting power of the
alternative hydrogen.

+  Atextremely low temperatures, liquid helium is used to cool certain metals to produce superconductivity.

o For its inertness and high thermal conductivity, helium is used as a coolant in some nuclear reactor.

e Helium is used as a shielding gas in arc welding processes on materials that are contaminated easily by
air.

e Because it is inert, helium is used as a protective gas in growing silicon and germanium crystals

 In rocketry, helium is used as an ullage medium to displace fuel and oxidizers in storage tanks and to
condense hydrogen and oxygen to make rocket fuel. It is also used to purge fuel and oxidizer from
ground support equipment prior to launch and to pre-cool liquid hydrogen in space vehicles.

«  Because it diffuses through solids at a rate three times that of air, helium is used to detect leaks in high-
vacuum equipment and high-pressure containers.

1.3 Definition of LNG

When natural gas is cooled to a temperature of approximately -161°C at an atmospheric pressure, it condenses to
Liquefied Natural Gas (LNG). Liquefaction reduces the volume by approximately 600 times, thus making it more
economical to transport over long distance across the countries. LNG weighs less than one half of water, about 45% as
much. LNG is odour less, colour less, non-corrosive and non-toxic. When vaporized, it burns only in concentrations of 5-
15% when mixed with the air.

1.4 Composition of LNG

Natural gas is composed primarily of methane but may also contain ethane, propane and heavier hydrocarbons. Small
quantities of nitrogen, oxygen, carbon dioxide, sulphur compounds and water may also be found in natural gas.

The liquefaction process for LNG requires natural gas free from impurities like Co2, sulphur compounds, water vapour,
mercury etc.

1.5 Need for LNG

LNG has been the world’s fastest growing energy option over the last two decades. Its market has quadruplicated in size
since 1980. A total of 143 bcm of gas was carried by ship in 2001 which is 25% of world’s gas export. The remaining
75% natural gas export has been by pipeline.

The world’s proven reserves of natural gas are abundant and estimated to be more than 155.8 tcm equivalent to
approximately 140 btoe. This quantity is almost three quarters of the world’s proven oil reserves. The geographical
distribution of natural gas reserves is very different from that of oil. Whereas more than three quarters of world’s oil
reserves are located in OPEC countries, equivalent figure for gas is only about 1/3rd.

1.6 The drivers for the use of LNG
1.6.1 Growing demand for fossil fuel.

1.6.2 Versatility of usage.
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1.6.3 Environmental awareness-Natural gas being the cleanest fossil fuel, its application is getting global preference
over other fossil fuels. i |

1.6.4 Security of supply-LNG contracts are normally of long term with commitment for high investment on either
side of the LNG value chain i.e., liquefaction, transportation and re-gasification.

1.6.5 Pricing and delivery flexibility-LNG can be delivered at any of the re-gasification terminal. Pricing can also be
flexible as per agreed formulae.

1.6.6 Safer than the nuclear encrgy- Worldwide perception is that nuclear energy contains enormous risk that is
unacceptable to most of the industrialized nations.

ot o, o P T U R el il el S B i S S o e s

1.6.7 Growth rate of energy consumption world wide-The World primary energy (comprising commercially traded
fuels) consumption during the year 2005 was registered at 10537.1 MTOE with a growth rate of 2.7% over the
previous year. Similarly during the year 2006, energy growth has been 2.4%.Same trend continued.

1.6.8 More finds of Hydro Carbons world wide-Considering the importance of Hydrocarbons, the reserve status has
been measured and updated from time to time.

1.6.9 Serving large number of customers connected to the gas supply grid.

1.7 Retarders for the use of LNG

There are a few retarders in the LNG business which also need to be addressed to have proper understanding of the trade.

1.7.1  LNG purchases involve considerable front loaded investment and therefore willingness on the part of seller
and buyers for long term commitment is essential.

1.7.2  LNG supplies are mostly as a supplemental source of energy supply. Many users have been using LNG for
peak load requirement; consideration needs to be given for making LNG suitable for base load requirement.

1.7.3 Linking LNG pricing with crude oil price is not the real indicator of the energy price in either countries. The

crude oil price is basically driven by the demand and supply position coupled with the geo-political
considerations and as such it would not reflect the market sentiments.

1.74  The customers using LNG for their plants are vulnerable to supply disruption in tandem with the disruption
in liquefaction, shipping, re-gasification and in-land transportation.

1.8 Gas Transportation Methods

1. Cross border pipelines
2.LNG
3. CNG by ship.

1.8.1 Cross border pipelines:
The cross border pipelines are a modified form of the intra-country gas grid i.e., the pipeline in this case
connects one country to other country or may be more than one. Examples for such cross border pipelines are
available in abundance. For example Russia- Europe Pipeline, Russia-Turkey Pipeline, Blue stream Pipeline,
Kazakhstan-China (West-East) Pipeline, Algeria-Spain Pipeline, Iran-Turkey Pipeline. The pipeline projects
under active consideration are GUSA Pipeline (Qatar-Saudi Arabia-Oman -Abu Dhabi)-1100 Kms, Sakhalin-
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Japan Pipeline-300 Kms, Iran-Pakistan-India Pipeline-2100 Kms, Turkmenistan-Afghanistan-Pakistan-India
Pipeline-1700 Kms, Myanmar-India Pipeline-1450 Kms, Azerbaijan-Greece Pipeline-2500 Kms, NABUCCO
Pipeline 3000 kms. The pipeline connectivity necessarily keeps a long term commitment with least
flexibility.

1.8.2 LNG mode of gas transportation :
LNG mode of gas transportation has gained importance specifically due to growing global gas demand coupled
with flexibility available to the countries both supplier and buyers because of two major reasons — firstly, the
supplier can have the best and most favourable market. secondly, the LNG supplies have flexibilities with
respect to destinations.

1.8.3 CNG by ship mode of transportation:
The CNG by ship option is a developing concept where gas is cooled at about (-) 100°C and compressed to
approx. 100 bar pressure and then transported through the ships.

The factors responsible for such high growth of LNG trade have been:

1. High natural gas demand in the developing countries on sustained basis i
2. Monetization of stranded / isolated gas reserves through skid mounted modular LNG trains
3. Technological advancement reducing unit cost of LNG production. “

1.9 LNG Safety

As a liquid, LNG can not explode or burn. If LNG is spilled, the resulting LNG vapour will warm up, become lighter |
than air and disperse with the prevailing wind/air. Although LNG is colorless, but as it is released into the air, the cold i
vapour would appear as a white cloud. The lighter-than-air property actually makes it less hazardous than some other
fuels such as propane or butane whose vapours are heavier than air and tend to settle closer to the ground.

1.10 Transportation & Storage of LNG

LNG is transported from producing countries in specially designed double hulled tankers to prevent leakage or rupture.
The double hull provides increased structural safety and the insulation allows the ships to act like thermos bottles to keep
LNG cold. The LNG is stored in a special containment system within the inner hull at atmospheric pressure.

Large LNG tankers hold up to approximately 138,000 cubic meters (or more) of LNG in liquid form.

LNG is stored as a “boiling cryogen” that is, a very cold liquid at its boiling point for the pressure at which it is stored. It
is kept in liquid form by auto-refrigeration, a process in which LNG is kept at its boiling point so that any heat additions
are countered by the energy lost from LNG vapour that is vented out of storage and used to power the vessel. As long as
the LNG vapour boil-off is allowed to leave the tank, the temperature will remain constant.

1.11 Process along LNG value chain

Normally, the minimum train size for an LNG liquefaction plant is from 5 MMTPA to 8 MMTPA. Further, for flexibility
~ of meeting commitment of deliveries to various customers, there will normally be 2 LNG liquefaction trains. As the LNG
| Plants is cost extensive, the normal design calls for a 20-25 years plant life. These important aspects for LNG production
| and dispatches are to be kept in mind before steps to create various facilities along LNG value chain are considered. The
elaborate description of each activity along value chain is addressed in detail in chapter 5. However, we are highlighting
basic process along the value chain to broadly understand the LNG.
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Various stages of LNG value chain consist of the following:

1.11.1 Exploration and production —
To find natural gas and start production of the gas for delivery to gas users. In the present case the LNG
liquefaction plant. For a normal LNG plant as described above, the proven reserves of gas shall have be 4-8 TCF
before LNG liquefaction project is initiated.

1.11.2 Gas processing and liquefaction —
1.11.2.1  Gas processing for LNG liquefaction.
1.11.2.2 LNG Liquefaction.

1.11.3 LNG Storage —
After production of LNG in liquefaction plant, the same is stored in 9% Ni tanks specially fabricated with
proper insulation between inner shell of 9% Ni and outer shell of Carbon steel or 9% Ni depending on the
design. The storage tanks are cylindrical vessel constructed either above or under ground with proper safety as
per the available code in practice.

LNG Storage facilities are also required at the receiving terminal where regasification of LNG takes place in a
subsequent plant.

1.11.4 LNG Shipping -

The LNG transportation is carried out in specially designed ship to take LNG from liquefaction plant to its
destination at regasification location.

1.11.5 Re-gasification Terminal —
To convert the LNG stored in specially built storage tanks, from liquid phase to gaseous phase for further
transportation through natural gas pipeline system or for captive use in associated & integrated facilities like

power generation etc. the LNG is vapourised by taking away the cold of LNG either by sea water or by
blowing air or by heating.

1.11.6 LNG send out facilities and pipeline to customers —
The vapourised LNG is measured before it is supplied to a system of pipeline connecting to various customers

who have contracted LNG.

The innovation for transporting LNG directly in road tankers has also generated good market for LNG.
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CHAPTER 2.

LNG VALUE CHAIN
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A typical LNG value chain comprises facilities starting from upstream gas field to gas processing, gas liquefaction, LNG

storage, LNG shipping and LNG regasification including regassed LNG sent out or captive use as the case may be. We
therefore discuss these important components of LNG value chain as outlined below:

- Gas Field

- Gas Treatment Plant

- Gas Liquefaction Plant

- Gas Transportation

- Re-gasification Terminal

- Re-gasified LNG offshore Terminal

- LNG In-land Transportation by Road Tankers

2.1 Gas Producing Fields

2.1.1 General
For establishing any LNG production facility, it is essential that the proven reserves are available to cater to the
requirement of LNG liquefaction plant on a sustainable long term basis. With the continuous advancement in

technology, cost reduction due to economy of scale of the plant, a bare minimum size LNG plant would not be less
than 5 MMTPA capacity.

2.1.2 On shore Vs Off shore gas production cost

Offshore feed gas production always cost more per unit of the volume produced than on shore feed gas. Further the
most severe offshore conditions such as-shallow water, deep water, ultra deep water, extreme weather conditions
may cost up to 7 times as much as compared to onshore facilities. The global experience shows that offshore feed
gas cost typically varies from 1.6 to 2.5 times more than comparable on shore facilities.

2.1.3 Gas field production and processing facilities
Gas field production and processing facility comprise well performance testing equipment, gas and condensate
dehydration, water treating, purification and disposal. A trade off is normally worked out between the location of

acid gas removal plant, LPG separation plant, CO2 removal plant at the field gas producing complex or at the LNG
liquefaction facility.

The traditional design dehydrates gas and condensate in the field. To protect the feed gas pipeline to the liquefaction
plant from corrosion, the dehydrated sour gas is less harming since natural gas containing acid gas but without free
water is mildly corrosive to the carbon steel pipeline. This is the least expensive alternative. If need be, a NACE
grade pipeline can be used. This approach is fairly cost effective considering that the feed gas is going to an LNG
liquefaction plant where a huge complex will be built up and all facilities required to make the feed gas suitable for

liquefaction can be economically installed. If there is a good market for acid gas in the local area at field installation,
gas sweetening can also be located near the field facilities.

2.2 Gas treatment plant

2.2.1 General

In the context of discussions on LNG value chain, the gas produced from the field is entirely dedicated to LNG
liquefaction facility. The normal gas treatment activities such as dehydration, gas sweetening (removal of sour gas),
CO2 removal, mercury removal (if necessary), higher hydrocarbon removal (the fractions which do not form part of
LNG specifications in terms of contracted LNG volumes) have to be suitably located between the gas producing
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facilities and the LNG liquefaction plant. The economic consideration coupled with system safety, the following will
be a desirable combination:

1) Dehydration - Location: near gas producing field.

2) Water treatment - Location: near gas producing field & disposal

3) Gas sweetening - Location: Preferably at liquefaction plant.

4) Co, removal - Location: Preferably at liquefaction plant.

5) Mercury etc. - Location: Preferably at liquefaction removal plant.

6) Higher hydrocarbon - Location: Preferably at liquefaction removal and plant condensate treatment.
2.2.2 Technology

All above processes are having proven technologies and they are available on competitive cost basis. None of these
technologies are LNG specific. The specification for acquiring a technology should be framed based on the LNG
contract (LNG-SPA) if already entered or a typical LNG composition. The important consideration is to be given to
dehydration and CO, removal, which create problem due to ice formation during the successive cooling of the feed
gas.

In certain cases when feed gas from the field indicates high percentage of nitrogen and other undesirable elements,
the provision in the process is required to be made for removal of such elements to the desired level.

2.3 Gas liquefaction plant

2.3.1 Feed Gas Preparation Technology

LNG is produced by successive cooling till liquefying all components of the feed gas. The feed gas to LNG plant
may be the non-associated gas (what is mostly the case) or a mixture of non-associated gas and associated gas (as is
the case of LNG plants at Das Island, Libya and a plant in Nigeria).

All the components present in the feed gas have influence on liquefaction process. The solubility, liquefaction
temperature and other characteristics influence the liquefaction process. For example Carbon di-oxide (CO2) freezes
at -78.5°C and may form dry ice in the process thereby chocking the heat exchangers which are employed to cool the
feed gas. CO2 contents more than 50 ppm are therefore not desirable in the feed gas. The raw feed gas having higher
contents of CO2 shall have to be treated for CO2 removal to bring down the contents to 50 ppm level.

Water vapour is another undesirable element in raw feed gas which needs to be removed, such that the water due
point remains around (-) 80°C. Like CO2 water vapour gets crystallized at much higher temperature than LNG final
temperature. Solidified water crystals may create possible choking of the heat exchangers deployed in liquefaction
process.

Total sulphur compound in excess of (30 ppm) and H2S alone beyond 5 ppm may create corrosive components
especially when it comes in contact of water vapours in the feed gas.

Nitrogen and other inert gases, though normally do not create any harmful effect on the process or equipment but
they do not contribute any heat value to LNG. Therefore, the energy spent in cooling such components and again in
re-gasifying goes waste, thus rendering both liquefaction and re-gas process, less cost effective. A trade off is
therefore required to be worked out as to what extent these elements be removed from the raw feed gas. Normally
1% (max) by mole would be enough to limit such elements.

Mercury, even present in traces can cause corrosion of Aluminium heat exchangers employed in liquefaction
process, if it comes in contact with free water. Mercury removal below 10 nenogram/Sm® of gas is recommended to
avoid corrosion.
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Aromatics: These are the hydrocarbon cyclic compounds. Melting point of the lowest compound namely Benzene is
5.5°C and B.P of 80°C. Higher members of this family are having higher MP. The presence of Aromatics in LNG
feed gas creates congealing of the heat exchanger due to solidification of the aromatic compounds. The permissible
limit of aromatics is therefore very low to the extent of 2 ppm in LNG feed gas.

The raw feed gas, after removal of impurities to the level less than or equal to specified in table, is fed to an LNG
liquefaction plant to produce LNG of the quality defined in the design and specified in the LNG contracts.

Normally the LNG specifications in the contracts have flexibility to accommodate the possible variation in feed gas
composition but the impurities removal is the safety and process requirement. The undesirable elements or impurities
can be removed by employing suitable gas treatment technologies.

2.3.2 Liquefaction Technology

Two types of LNG facilities have been developed: 1) large base load units for continuous LNG production to export
markets, and 2) small peak shaving plants for gas distribution systems. The large scale based load units are typically
designed with emphasis on process efficiency. In addition to the process units involved in the liquefaction step, base
load LNG plants tend to be large complex facilities which involve product storage, loading and complete stand-alone
utility systems. Peak shaving facilities differ from base load units in several aspects. Peak shaving plants are much
smaller, operate only a portion of the year, and are often located near the point of use for the gas. The design
emphasis is thus on capital cost minimization rather than thermodynamic efficiency.

In order to produce the low temperature necessary for liquefaction, mechanical refrigeration systems are utilized.
Four types of liquefaction processes can be used to accomplish this refrigeration:

1. Cascade Refrigeration Process

2. Mixed Refrigerant Process

3. Pre-cooled Mixed Refrigerant Process
4. Nitrogen Expander Process

Each of these processes has been used for liquefaction facilities with the Pre-Cooled process being the predominant
technology in base load units. The Cascade and Mixed Refrigerant processes have both been used in a wide range of
process sizes in both base load and peak shaving units with the Mixed Refrigerant process being the dominant
technology in peak shaving units.

2.3.2.1 Cascade Refrigeration

The first LNG liquefaction units utilized the cascade refrigeration process. These facilities use the classical
cascade cycle where three refrigeration systems are employed: propane, ethylene and methane. Two or three
levels of evaporating pressures are used for each of the refrigerants with multistage compressors. Thus the
refrigerants are supplied at eight or nine discrete temperature levels. Using these refrigeration levels, heat is
removed from the gas at successively lower temperatures. The low level heat removed by the methane cycle is
transferred to the ethylene cycle, and the heat removed in the ethylene cycle is transferred to the propane cycle.
Final rejection of the heat from the propane system is accomplished with either water or air cooling.
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Figure 2.1: Simplified cascade refrigeration process block diagram.

Early facilities used a closed methane refrigeration loop. More modern designs use an open methane loop such
as shown in Figure 2.1 where the methane used for refrigerant is combined with the feed gas and forms part of

the LNG product. The efficiency and cost of the process is dependent on the number of refrigeration levels
provided in each refrigeration system.

The refrigeration heat exchange units traditionally were based on shell and tube exchangers or aluminum plate
fin ex- changers. Newer designs incorporate plate fin exchangers in a vessel known as “core-in-kettle” designs.

A critical design element in these systems is the temperature approach which can be reached in the heat
exchangers.

2.3.2.2 Mixed Refrigerant Processes

After initial developments of cascade LNG plants, the mixed refrigerant cycle was developed to simplify the
refrigeration system. This system uses a single mixed refrigerant com- posed of nitrogen, methane, ethane,
propane, butane and pentane. The refrigerant is designed so that the refrigerant boiling curve nearly matches the
cooling curve of the gas being liquefied. The closeness of the match of these two curves is a direct measure of
the efficiency of the process.

The process (Figure 2.2) has two major components: the refrigeration system and the main exchanger cold box.
The cold box is a series of aluminum plate fin exchangers which provide very close temperature approaches
between the respective process streams. The low pressure refrigerant is compressed and condensed against air or
water in a closed system. The refrigerant is not totally condensed before being sent to the cold box. The high
pressure vapor and liquid refrigerant streams are combined and condensed in the main exchanger.

The condensed stream is flashed across a J-T valve and this low pressure refrigerant provides the refrigeration
for both the feed gas and the high pressure refrigerant.
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Figure 2.2: Black & Veatch-Pritchard PRICO Process ™ diagram.

< Removal of pentane and heavier hydrocarbons from the feed gas is accomplished by bringing the partially |
’ condensed gas out of the cold box and separating the liquid at an intermediate temperature. The liquid removed |

is then further processed to produce a specification C5* product. Light products from this separation are returned
to the liquefaction system.

2.3.2.3 Pre-cooled Mixed Refrigerant Process

The propane pre-cooled mixed refrigerant process (Figure 2.3) was developed from a combination of the
cascade- and mixed refrigerant processes. In this process, the initial cooling of the feed gas is accomplished by
using a multistage propane refrigeration system. The gas is cooled with this system to around —40°F at which
point the gas is processed in a scrub column to remove the heavy hydrocarbons. The gas is then condensed in a
two step mixed refrigerant process. The chilling of the gas is accomplished in a single, large, spiral-wound heat

exchanger. This exchanger allows extremely close temperature approaches between the refrigerant and the gas
to be achieved.

The mixed refrigerant in this process is a lighter mixture composed of nitrogen, methane, ethane and propane
with a molecular weight around 25. The mixed refrigerant after re- compression is partially cooled with air or
water and then further cooled in the propane refrigeration system. The partially condensed refrigerant from the
propane chilling is separated and the high pressure vapor and liquid streams sent separately to the main
exchanger. The liquid is flashed and provides the initial chilling of the gas. The high pressure vapor is
condensed in the main exchanger and provides the low level, final liquefaction of the gas. As in the other
processes, the LNG leaves the exchanger subcooled and is flashed for fuel recovery and pumped to storage.
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APCI Propane Pre-cooled, Mixed Refrigerant Process
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Figure 2.3: APCI Propane Pre-cooled, mixed refrigerant process diagram.
2.3.2.4 Nitrogen Expander Process

Basically, in the expander-based process, a stream of gas at high pressure is expanded isentropically to a lower
pressure. In this process work and refrigeration are extracted from the expansion process. This refrigeration is
then used to aid the liquefaction process. The work extracted is then utilized to partially recompress the
refrigerant gas.

A major benefit of using nitrogen as the cycle fluid is that it is inherently safe. Storage of hazardous
hydrocarbons adjacent to or within the processing plant is avoided and there is no need for major hydrocarbon
flaring if the refrigerant compressor trips.

The expander cycle (Figure 2.4) is simple and has fewer items of equipment than alternative refrigeration
cycles. The nitrogen expander design is flexible to changes in feed gas conditions and requires minimal operator
intervention. Expander cycles offer considerable advantages for offshore liquefaction and the use of two
expanders avoids the need for pre-cooling by mechanical refrigeration with distinct benefits in terms of
reliability, space and avoidance of refrigerant storage.

The double-nitrogen-expander cycle requires more power than more complex cycles but the simplicity of the
process makes it cheaper and safer.
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Figure 2.4: BHP Nitrogen éxpander process diagram.

2.4 Different technology Providers

Many process licensors have developed their proprietary technologies using some variation(s) or modification(s) in
above primary processes of cooling. LNG liquefaction process licensors and technology in brief are placed below.

S. No. Technology provider Process used
01 Phillips Petroleum Corporation .For optimized cascade process
02 Air Products & Chemicals Inc For singles pressure, all mixed refrigerant process
and propane pre-cooled, mixed refrigerant process.
03 The Pritchart Corporation (Black & Veatch) | Cascade process and single process, all mix
refrigerant process.
04 Technip Double pressure mixed refrigerant process.
05 Linde AG Double mixed refrigerant process.
06 Technip / Snamprogetti Double mixed refrigerant process '
07 BHP or C-LNG (compact LNG) Nitrogen expander cycle i

Table 1.1: LNG liquefaction process licensors and technology.

Among all the above technologies, APCI, propane pre-cooled mixed refrigerant process is the dominant liquefaction |
process in use today. i

!
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The Technip / Snamprogetti double mixed refrigerant process, also known as Tealarc process has not picked up. It was
originally selected for a Nitrogen expansion based LNG project, but subsequently replaced by APCI, propane pre-cooled
mixed refrigerant process. Technip / Snamprogretti are no more pursuing this technology. The BHP process, also known
as C-LNG (compact LNG) is a recent development aimed at off-shore application.

Since the end use of these technologies is production of LNG from the feed gas, all commercially available liquefaction
processes therefore operate over the same temperature range i.e., from ambient to -163°C. The treatment of the feed gas
is also same for all the processes. The four important commercially developed technologies are described below.

24.1 APCI Technology

The treated feed gas enters the main pre-cooling section of the liquefaction train where the remaining hydrocarbons
are removed in a scrubber column which also provides sufficient LPG for refrigerant make up in addition to direct
merchant sale. The fractionation column separates the ethane, propane, butane, pentane etc. In addition, the
refrigerant (ethane and propane make up) is recovered as a separate sub-product. Each fractionation train has a de-
ethanizer, de-propanizer and de-butanizer column.

The pre-cooling refrigeration is provided by multi-stage propane refrigeration system operating at minimum
temperature of -37°C. The propane refrigeration is also used to partially condense the multi component refrigerant
system and various cooling duties in the fractionating trains. Propane vapours from various stages of refrigeration
are compressed in a multi stage centrifugal compressor. The compressor discharge is de-super heated and condensed
using either sea water or air cooling. The condensed refrigerant is then expanded to various pressures and
temperature levels of refrigeration. The scrubber tower overhead enriched in the C1 + fraction is liquefied and sub-
cooled in a heat exchanger with a circulated multi component refrigerant system consisting of nitrogen, methane,
ethane and propane.

Advantages of APCI LNG process

1. Distribution of cooling load between propane and a mixed refrigerant circuits result in less power requirement
which fit proven compressor technology even for large train size.

2. Use of propane as refrigerant stabilizes front end of the process facilitating start-up and feed gas de-hydration.

3. Heat exchanger in propane circuit can be conventional shell tube type.

4. This design has high thermo dynamic efficiency.

5. API-P-MR process is the most widely used base load liquefaction process operating since last 30 years in
more than one dozen plants of the existing LNG installations. The plants have been successfully operating
with no major problems. Most of the plants have exceeded the design capacity.

Areas of Concern:
1. Requirement for high purity propane for refrigerant circuit both for initial quantity and make-up.
2. Cold temperature of the process may reach warm end of the plant temperature on shut down.
3. Proprietary source for the main cryogenic heat exchanger which constitutes a major cost of the plant.
4. Limited flexibility of shifting refrigeration load between propane and mixed refrigerant circuits.

24.2 Optimized Cascade Process — Phillips

In this process, LNG is produced by cascade refrigeration system using propane, ethylene and methane as
refrigerants. The propane and ethylene are used in closed loop refrigerant systems circulated as a single component
refrigerant. The methane refrigeration circuit is an open loop system with flushing of feed gas to successfully low
pressure and re-compression and re-circulation of the flush and vapour. The process flow diagram is shown below
with the simplification with methane circuit shown as closed loop.

Page 17 of 69

NI - e s S S TR T —————ereeama—

e e T R S S ST K



Major advantages of the Cascade Process:
1. Simplicity of the operation and control because of the use of power and single component refrigerant system.
2. High thermo dynamic efficiency resulting in low horse power requirement for compressor and low fuel
consumption.
Low requirement of refrigerant blending facilities.
Process configuration is simple and permits the use of proven and low cost Aluminium plate — fin type heat
exchanger.
5. Ease of start-up through easily controlled refrigeration circuits with wide range of operating flexibilities.

W

Areas of concern:
1. Due to agreement between the licensor-Phillips and the sole EPC contractor, Bectel, leads to a situation of
low competition resulting in high capex.

2. Equipments and piping complexities exist to achieve high thermo dynamic efficiency.
3. Plant cost is also high due to large number of equipments and associated piping.
4. The power required for three refrigerated systems namely propane, ethylene and methane being different leads

to application of the different ratings of compressors and drivers resulting in increase of maintenance
requirement.

5. The ethylene required for refrigeration is a superior quality which cannot be produced in a simple
fractionation process and normally results in procurement more often on proprietary basis.

Operating experience:
‘The Kenai, Alaska plant uses this technology since 1969. Another LNG project in Trinidad (Atlantic LNG) is also
! being operated on this technology since 1999.

243 Pritchart (Black &Veatch) Refrigerant Process

This process was originally developed by Pritchart Corporation, now known as Black & Veatch Pritchart. This is an
all mixed refrigerant process operating at a single return gas pressure. The mixed refrigerant is made up of nitrogen
and a range of hydrocarbons from methane to hexane. The original prico process concept utilizes a single casing
axial compressor in the mixed refrigerant loop. This limits the compressor discharge pressure to about 17 bar. The
modified design uses the mixed refrigerant circuit above this pressure by employfng a second stage compressor
which increases the thermo dynamic efficiency and also decreases the heat exchanger requirement.

‘ Advantages of the process:

1. Simple process in absence of any intermediate refrigerant separators.

2. The important process requirement and gas liquefaction and refrigeration can be accomplished in a
conventional Aluminium plate-fin heat exchanger. There is no proprietary item which leads to capex
reduction.

3. The process can take wide variations in feed gas compression.

4. Ease of start-up operations.

5. Successive improvements in the process has led to higher LNG production that operate a unit of installed
refrigeration power and also led to reduced heat transfer requirement.

Areas of Concern:

1. Process simplicity has led to higher power consumption.

2. Single compressor refrigeration system limits the capacity of the single operating train.

3. Due to limitations in available size, multiple plate-fin exchangers, cores are required with large amount of
manifolding and associated piping.
Higher utility operation cost due to high power consumption in the process.

>
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Operating experience:

Sonatrach’s 4th train at Skikda Algeria employed this technology in 1971. Thereafter, for the 5th and 6th trains also,
the same technology was selected. Initially there were some design and construction problems, experienced in 4th
train, which were subsequently modified in 5th and 6th trains. The revised heat exchanger design which was
installed in 5th and 6th trains has yielded a production figure of 110-115% of the design capacity.

2.4.4 BHP’s Expander Process

This process utilizes the thermo dynamic principle that the near isentropic expansion of fluid extracts work and in
equivalent amount of heat from a closed system. Expander cycles for production of LNG have been successfully
employed in a much smaller LNG peak saving type plants. The expansion cycle fluid either natural gas in an open
cycle or nitrogen in a closed loop system is compressed cooled and expanded to near atmospheric pressure. The cold
low pressure expansion gas cools and liquefies the high pressure feed gas. The BHP process achieves improved
thermo dynamic efficiency by use of a second “cold” expander to provide the lowest level of refrigeration in place of
the Jule Thompson valve used in single stage process.

Advantages of the Process:

1. These types of plants have compact design and the use of nitrogen and inert gas as refrigerant fluid has much
desirable applications for the off-shore liquefaction plants.

Disadvantages of the Process:
1. Application of more rotary equipments which could contribute for more plant shutdowns as compared to
refrigeration cycle.
2. The turbo expander operates at a very high speed in the range of 10000 to 50000rpm. Therefore, maintenance
requirements are high.
3. The expander process requires high circulation rates with accompanying large turbo expanders and
compression equipment having lower thermodynamic efficiency.

24.5 Combined Mixed Refrigerant/Expander Process-Chiyosla

Chiyoda Corporation has recently patented a combined all mixed refrigerant expander LNG process. All heat
transfer is accomplished in Aluminium plate-fin heat exchangers. High pressure LNG leaves the MCHX at a
relatively warm temperature compared to the pre-cooled mixed refrigerant processes. The high pressure LNG is
reduced in pressure through to stages of liquid expansion. The first stage uses an axial type turbo expander followed
by a second stage re-compression type hydraulic turbine. The large amount of flash gas produced on pressure let
down is re-heated and re-compressed to incoming feed gas pressure using power generated by the turbo expanders.
Over 65 Aluminium plate-fin cores are required to produce approximately 2.2 MMTPA of LNG.

24.6 Integral Incorporated Cascade (CII)-Gaz de France

Gaz de France recently announced development of a variation of the all mixed refrigerant process with a reported
efficiency equivalent to that of dual refrigerant process. Improved efficiency and reduced equipment requirement,
leading to reduced capital investment, compared to existing processes is reportedly obtained by fractionating the
mixed refrigerant into light and heavy fractions which are then used to cool and liquefy the feed gas in a cascade
type arrangement. Pre-cooling and liquefaction is accomplished in dual Aluminium plate-fin heat exchangers placed
end to end. Compression is accomplished in a first stage axial compressor followed by a second stage centrifugal
compression for additional light refrigerant compression.

Page 19 of 69

- B e e

)
i
4
o
#
i
{
y
i

AN e S SACSUCA 3

P M s B R T




s
D e T T B e R e Y Y oY R T P N T WO P ST W s R G YoV Gy i

Design status indicate that 4 cold tanks each containing these dual cores (48 total cores) are required to produce 2 to
2.5 MMTPA.

2.5 Comparison of the thermodynamic efficiency of various LNG production (Process) cycle

A single major parameter which could be considered as indicator of the efficient LNG production pr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>