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Summary

LNG “rollover” refers to the rapid release of LNG

vapours from a storage tank caused by

stratification. The potential for rollover arises when

two separate layers of different densities (due to

different LNG compositions) exist in a tank. In the

top layer, liquid warms up due to heat leakage into

the tank, rises up to the surface, where it

evaporates. Thus light gases are preferentially

evaporated and the liquid in the upper layer

becomes denser. This phenomenon is called

“weathering”. In the bottom layer, the warmed

liquid rises to the interface by free convection but

does not evaporate due to the hydrostatic head

exerted by the top layer. Thus the lower layer

becomes warmer and less dense. As the density of

two layers approach each other, the two layers mix

rapidly, and the lower layer which has been

superheated gives off large amount of vapour as it

rises to the surface of the tank.

The main hazard arising out of a rollover accident

is the rapid release of large amounts of vapour

leading to potential over-pressurization of the tank.

It is also possible that the tank relief system may

not be able to handle the rapid boil-off rates, and

as a result the storage tank will fail leading to the

rapid release of large amounts of LNG to the

atmosphere. It is important to emphasise the

difference between stratification and rollover.

Stratification is the phenomenon of stored LNG

forming distinctive cells which is driven by density

differences and can be manipulated for boil-off gas

optimisation; rollover is the rapid release of boil-off

gas in an uncontrolled event which can have safety

implications. LNG rollover received considerable

attention following a major unexpected venting

incident at an LNG receiving terminal at La Spezia,

Italy in 1971.

Stratification is managed by use of measurement

devices upon the LNG storage tanks, of which, the

types of instrumentation required are stipulated

within design codes. Advances of rollover

prediction models have also enabled operators to

prevent and make informed decisions for the

management of stratification within LNG storage

tanks.

Any queries relating to this document, please

contact GIIGNL Head Office at:

E-mail: central-office@giignl.org

Website: www.giignl.org
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Preference to

First Edition

In presenting the second edition of Rollover

in LNG Storage Tanks, it has been our

intention to cover what we believe to be the

important developments within the LNG

industry for the management of stratification

of stored LNG leading to rollover events.

Significant advances have been made in

areas covering, design, instrumentation,

operating knowledge, training operators on

LNG behaviour and the use of modelling

software to prevent and in some cases

instigate stratification to seek operating

efficiencies. The reader will find that this

edition is written with one eye on the future

as the LNG industry at the time of writing is

continuing to develop at a fast rate, with

new processes being introduced. The

principles of management stratification for

these new processes are as yet not

thoroughly developed.
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1. Introduction

At the 2012 Technical Study Group meeting of
GIIGNL member companies in Osaka, it was
decided to revise the “Rollover in LNG Storage
Tanks” study document. The original document
was published in 1983 and was a reactive
response following the first significant rollover
incident widely reported  in the history of the LNG
(Liquefied Natural Gas) industry that occurred in
La Spezia, Italy, 1971. In the intervening 31 years
from the publication of the original study, there
have been considerable developments in the
study of the behaviour of LNG in storage tanks
and the whole subject has undergone a number
of changes. A Task Force was formed with the
aim of updating the original study to reflect the
current industry position whilst retaining a similar
structure and physicochemical study findings
provided by the original authors. This report
presents a summary of the Task Forces
assessment of the current state of knowledge of
rollover and incidents of excessive vapour
evolution in LNG storage tanks.

The remainder of this section gives a brief
introduction to rollover and a description of how the
study was carried out. Following sections deal with
the fluid dynamics and thermodynamics of LNG in
storage tanks (Section 2), rollover incident case
studies (Section 3), measurement and prevention
of stratification (Sections 4 & 5) and prediction
modelling which is developing areas of study within
this subject area (Sections 6). The report concludes
with a general bibliography.

1.1 The Occurrence of Rollover

It is possible in LNG storage tanks for two stable
stratified layers or cells to be established, as a
result of inadequate mixing of either fresh “light”
LNG with a denser heel (a process typical of a Peak
Shave storage plant), or by unloading LNG of
different densities into a storage tank (a process
that may occur within an import LNG Terminal).
Importation terminals receive cargos from many
parts of the world and are delivered with varying
densities and temperatures. 

Within the stratified cells, the liquid density is
uniform but the bottom cell is composed of liquid
that is denser than the liquid in the cell above.
Subsequently, if a layering condition is allowed to
persist over a period of time, the energy in the lower
layer will build up due to heat leak into tank. The
boil-off gas from the bottom layer is suppressed
due to the hydrostatic pressure impressed on it
from the upper layer. Heat leak into the tank will
gradually increase the bottom layer temperature
and therefore decrease its density. As the densities
of the two layers approach equilibrium, the
potential for a rollover event increases. As the two
layers mix, the boil-off gas that was retained by the
bottom layer will be released, which can result in a
high rate of vapour generation. This rate can be
significantly greater than the tank’s normal boil-off
rate and in a few instances the pressure rise in the
tank has been sufficient to cause pressure relief
valves to lift.

This phenomenon is known as ‘rollover’, meaning
the layers roll over or reverse. Technically, this is not
exactly what happens, but this terminology has
become quite established across the industry.
Depending on the severity of the event, the effects
can range from simply a small pressure rise in the
tank for a short period of time to a significant loss
of product over an extended period of time through
the tank’s relief valves. Although, very unlikely, in
the event of a serious rollover the potential also
exists of physical damage to the tank due to over
pressurisation. 

LNG rollover phenomena received considerable
attention following a major unexpected venting
incident at an LNG receiving terminal at La Spezia,
Italy in 1971. Therefore precautions must be taken
to manage the potential for stratification to ensure
that it doesn’t lead to a rollover event. Detection
and mitigation techniques are employed to identify
when conditions exist for a possible rollover event
and to impede the occurrence of such an event.
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1.2 Advances in the Industry

The main advances in the LNG industry that have
affected the management of stratification for the
prevention of rollover occurrence have been in both
the design and technology deployed on LNG
terminals and ships as well as the trading patterns.

The growth of the LNG trade worldwide has led to
an increase in differing LNG qualities being available
in the world market. Thus, import terminals are now
faced with the need to handle these differing LNG
qualities according to the source. 

LNG demand in the world has been increasing and
expected from current 170 million tons per annum
to 400 million tons per annum in mid 2020’s. In
conjunction with the growing demand, many new
LNG receiving terminals will be constructed all over
the world in a variety of circumstances. The global
network of terminals is growing in the US, South
America, Europe, China and India because of the
growing demand for LNG as a cleaner energy
source.

A change in LNG trading and shipping patterns can
have a direct effect on the potential of rollover in
storage tanks. As market demand increases and
new supply sources emerge, importers are
widening their range of LNG quality. The evolving
spot market has increased the potential of
commingling lean and rich cargo in the same
storage tank.

The growth phase that the LNG industry is currently
experiencing means that there is a wide variety of
LNG in the supply chain and there are more
operators on both supply and demand sides. There
have been developments within the size of ships
and new shipping patterns such as partial offload
and reload.

A current area of interest is within the development
of a prediction tool for preventing rollover within
Floating LNG Production, Storage and Off-loading
(FPSO) plants. These floating production plants
present challenges for the use of current prediction
tools due to the sloshing motion of the ships that is
not needed for consideration of shore based LNG
storage tanks. Also, the geometry of ships tanks
differs from the more regular cylindrical shore based
tanks particularly for the Moss style spherical tanks.
Tank 1 membrane style tanks (located at the ship’s
bow end) tend to be a more irregular shape. Floating
tanks are also being equipped with bottom fill only
to reduce the boil-off gas generated during filling.
This design limitation reduces the operational
flexibility for management of stratification. There is a
potential for rollover on FPSO ships as rollover
events have occurred on convention LNG cargo
ships. A case study of rollover on an LNG cargo ship
is presented in Section 3. 

The expanding market for LNG as a fuel will see LNG
being utilised in more applications such as road
tankers, satellite stations and bunkering stations
(refer to the GIIGNL Retail Handbook for further

reading). The management of the physicochemical
properties of LNG will have to be considered within
all of these developments to ensure that potentially
hazardous events such as rollover are prevented.

1.3 Organisation of the Study
The study was carried out by leading expert

representatives from eight Member Companies of

GIIGNL.

Data was collated by questionnaires from Technical

Study Group (TSG) members, other GIIGNL

member companies and a number of companies

with peak shaving operations that were known to

have or thought to have an interest in rollover.

Additional important data came from the published

literature and directly from the GIIGNL database

and other gas companies. Experts from the wider

LNG industry contributed on specific subject areas. 
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Three preliminary teleconferences were conducted

to initiate the Task Force and three full meetings

were held with the members of the group in London,

Paris and Gujarat, India in 2012. An update of the

Task Force’s progress was provided at the GIIGNL

TSG meetings in Hammerfest and Dunkirk in 2013.

The Task Force met for the final time in Paris 2013.

The final document was presented at the 2014 TSG

meeting in Boston.

In an attempt to understand the frequency of the

occurrence of rollover incidents, a survey form was

distributed amongst the member companies of

GIIGNL. The results from the survey were intended

to shape the discussion points within this document

as to whether the rollover phenomenon is well

understood and sufficiently managed within the

industry. The questionnaire was sent out to 25

companies, of which there were 15 responses.

It is recognised that commercial and contractual

issues have presented challenges with supply of

information to the Task Force for rollover incidents.

This resulted in a very limited capture of new data

from the survey. Therefore, the data in this study

has been supplemented with information from the

GIIGNL incident database, commercial companies

who work with LNG related products and literature

in the public domain.

In order to spread the workload and to utilise specific expertise within individual companies in the best way,

the subject was split into five topics. Eight Technical Study Group member companies took responsibility for

devising questionnaires and for the analysis of data as follows:

SECTION 1 Introduction

SECTION 2 Rollover Phenomenon

SECTION 3 Rollover Incidents

SECTION 4 Measurement of Stratification

SECTION 5 LNG Stock Management

SECTION 6 Rollover Prediction Models

Disclaimer: The purpose of this document is to serve as a reference manual to assist readers to understand the procedures
and equipment available to and used by the members of GIIGNL to manage stratification and prevent rollover in LNG
terminals. It is neither a standard nor a specification and should be viewed as a summary of observations within the industry.

This document is not intended to provide the reader with the detailed occurrence of LNG stratification and rollover as
such, but sets out the practical issues and requirements to guide and facilitate a skilled operator team to work out a suitable
procedure for management of stratification and prevention of rollover.

This rollover study document has included commercially available software as part of the summary of the LNG prediction
models that are being used by LNG operators. It was important to include reference to the different types of approaches
for prediction models as this has been a significant area of development in the field of research for LNG stratification and
rollover. GIIGNL have presented a balanced summary of the models that are in use by members of the Task Force. It is not
GIIGNL’s intention to promote commercial products and the group recognises that other products exist on the market.
Readers should ensure that they are in possession of the latest information, standards and specifications for any procedures
and equipment they intend to employ.

GIIGNL, and any of its members, disclaims any direct or indirect liability as to information contained in this document for
any industrial, commercial or other use whatsoever.
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2. Rollover Phenomenon

LNG is a multi-component naturally occurring
mixture of differing quantities of hydrocarbons
(alkanes mostly methane CH4 but also containing
smaller concentrations of ethane C2H6, propane
C3H8 and butane C4H10) and nitrogen (N2). The
LNG is stored in bulk in large storage tanks at a
gauge pressure of some 0.10 to 0.24 bar and a
temperature of approximately – 160°C. The tanks
are insulated to reduce heat in-leak but heat is
still transferred from the environment to the LNG
in the tank. As a result of this heat in-leak,
evaporation takes place of the more volatile
components (N2 and CH4). This process is known
as “weathering”. Normally, weathering is a fairly
slow process. Typically, an LNG tank will lose
about 0.05% of its contents per day in boil-off gas
to absorb the heat input and keep the remaining
liquid cold. The weathering process therefore
causes the composition of LNG to evolve over a
period of time thus altering the density of the
LNG. Generally, LNG of different densities can
form separate layers within a storage tank. This
layering is referred to as stratification and can
also be formed during filling an LNG tank with
LNG of different densities (commonly referred to
within the industry as “light” and “heavy” LNG).
The potential for rollover arises when two
separate layers of different densities exist in a
tank. This study will summarise the occurrence of
stratification leading to rollover.

2.1 Equilibrium Conditions and the 
Surface Layer

The evaporation that occurs in an LNG tank is
commonly referred to as “boil-off gas” (BOG). In
this document the term “vapour evolution rate” is
preferred to the term “boil-off rate” because the
liquid does not normally boil in a commercial LNG
tank. The term boil-off and boil-off rate are strictly
applicable only when the liquid is boiling by the
heat transfer process of nucleate boiling. In the
majority of storage situations, there is only
evaporation from the surface of the liquid and there
is no boiling, then the term “evaporation rate” is
then the correct terminology to use. However, boil-
off is commonly used to describe all liquid
evaporation and is frequently used in the industry.
The gradual loss of methane by preferential
evaporation causes the tank stock to increase in
density as the concentration of C2+ remaining in the
tank increases. This weathering process is
particularly important if the heat leak from the walls
of the tank is large as in the case of some in-ground
tanks or if the storage period is long as in the case
of peak-shaving installations. Heat in-leak is also
significant for LNG re-gasification terminals as the
pipe work external from the tank has to be kept
cold, particularly the LNG unloading lines from the
jetty to the tanks. Large volumes of BOG are
attributed to this form of heat in-leak which is
evolved from the LNG upon returning to the tanks
during LNG recirculation.

The heat input to the liquid from the floor and walls
of the tank is absorbed and convected to the liquid
surface where evaporation takes place. A free-
convective circulation is set up with a (mainly
turbulent) boundary-layer of slightly warm and less-
dense liquid moving upwards close to the tank
walls. Warmed liquid reaching the surface cools by
evaporation, becomes more dense than the liquid
surrounding it, and returns to the tank bottom as a
central plug flow. Figure 2.1 shows the circulation,
which has been observed in the laboratory (1, 2)
and which accounts for the small (1 K or less)
temperature differences usually found in LNG in
commercial storage tanks (3). Estimates of the
temperature difference across the wall boundary
layer based on extrapolations of a turbulent flow
correlation equation (4) give 0.05 K and 0.17 K for
typical 50,000 m3 tanks with losses or 0.03% and
0.06% of contents per day respectively.
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Several studies (5, 6, 7 and 8) have shown that a
surface layer that is slightly cooler than the bulk
liquid exists under these conditions. This surface
layer is frequently called the Hashemi-Wesson
layer. By adapting a well-known correlation
equation for free convection from horizontal
surfaces, Hashemi and Wesson arrived at an
equation which can be used to show that the
temperature difference in the layer depends on the
mass flux (the rate of mass evaporation through
unit surface area), i.e.

(2.1)

Where m is the mass flux in kg/m2s and ∆TS4/3 is the
temperature difference across the layer in K. The
liquid surface is effectively at the saturation

temperature, TS, corresponding to the pressure in the
vapour space above (for its particular composition)
and the bulk of the liquid is at an almost constant
temperature warmer by an amount given by equation
(2.1). For typical 50,000 m3 LNG tanks with total
losses of 0.03% and 0.06% of contents per day,
Equation (2.1) gives ∆TS equal to 0.1 K and 0.15 K
respectively. Small temperature differences must

exist in the bulk liquid away from the boundary layer
and the surface layer in order to maintain the free-
convective circulation, but these can be ignored in a
simple model.

Studies have shown (7) that there is a nearly linear
variation of temperature in the surface layer. These
studies were with liquid nitrogen but similar effects
are likely with LNG. Figure 2.2 shows a typical
(time-smoothed) vertical temperature profile in the
liquid and vapour. 

Random temperature variations in the liquid which
are not shown in this smoothed profile occur,
probably due to turbulence in the flow. Above the
liquid surface there is a region of approximately
uniform temperature corresponding to a turbulent
vapour layer, and above this the vapour
temperature increases rapidly with the distance (8).

2. Rollover Phenomenon
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Figure 2.1 Free convective Circulation in LNG Tank

Figure 2.2 
Typical
temperature
profile near 
liquid surface
combined with
experimental
data from GDF
Suez test in
500m3 pilot tank
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2.2 Effect of Disturbing the Equilibrium

Under normal storage conditions two types of
disturbance occur to affect the vapour-evolution
rate, pressure changes and physical disturbance of
the surface layer.

2.2.1 Pressure Changes
Under certain operational conditions changes in
barometric pressure are reflected as changes in the
absolute pressure in the vapour space of a storage
tank. At some installations this absolute pressure
also depends on the number and capacity of
vapour compressors in operation.

A fall in absolute pressure above the liquid surface
causes the vapour-evolution rate to increase: a rise
in absolute pressure causes the rate to decrease.
Figures 2.3 (a) and 2.3 (b) show the results of a
historic experiment that serves to demonstrate the
effects on vapour-evolution rate of sudden changes
in the pressure above liquid nitrogen contained in
a 160 litre experimental vessel (9). Similar effects
are observed in LNG storage tanks (3). After the
initial change the vapour-evolution rate settles to
the equilibrium rate exponentially. The surface layer
plays an important role in the process, sustaining
the difference between the temperature of the bulk
liquid which changes only slowly and the
temperature of the liquid-vapour interface which
responds rapidly to changes in pressure. In the
case of a large pressure rise it is possible for the

interface temperature to equal or to rise above the
bulk temperature in which cause the vapour
evolution essentially stops until the heat input has
raised the bulk temperature above the surface
temperature once more.

In practice, the pressure changes take some
considerable time, typically several hours in a
commercial LNG tank. Also, a second change may
occur before the effects of the first one are
complete. However, the equations describing the
boil-off rate are simple (9) and can be applied to
these practical situations.

2.2.2 Physical Disturbances of the Surface
If the liquid surface is agitated, either during top-
filling or in some other way, superheated liquid from
beneath the surface layer is exposed and the
vapour-evolution rate increases. The surface layer
is expected to re-establish fairly quickly after the
disturbance ceases but there is no known
quantitative information on the time taken to reach
equilibrium.
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Figure 2.3 (a) Effect of sudden fall in pressure on vapour-evolution rate,
(b) effect of sudden rise in pressure on vapour evolution rate.
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Certain top-filling devices, particularly sprays and
splash plates, cause high vapour-evolution rates,
because they disturb the surface over an
appreciable area. Some experiments in which non-
condensable gas was bubbled through LNG (10,
11) resulting in a total vapour evolution to be
considerably in excess of the amount calculated
from the heat content of the bubbled gas, possibly
also because of disturbances of the surface layer.
Alternatively or additionally, the gas bubbles may
have acted as nucleation centres, causing the
superheated bulk liquid to boil and the vapour-
evolution rate to increase.

2.3 Fill-induced Stratification

LNG is stored in bulk in large storage tanks with
volumes from 40,000 m3 to ~ 200,000 m3 with LNG
storage tank design advancing and volumes
continually increasing. There are four main types of
LNG storage tanks: 

1. Single containment tanks
2. Double containment tanks 
3. Full containment tanks
4. Below ground tanks

The four types are depicted in Figure 2.4. The
design of the storage tank used depends upon the
age of the process plant, the location for safety and
operational consideration, engineering design
standards, code requirements and layout constraints. 

The single containment tank design was the
common style worldwide pre 1980’s and typically
had volumes between ~ 40,000 m3 and 95,000 m3.
Some larger single containment tanks are still being
built depending on risk assessment, for example
Peru LNG tanks are 130,000 m3 which were
completed in 2010. A single containment tank was
selected by Peru LNG due to the site remoteness
(hence reduced societal risk) and enough space
being available to accommodate different secondary
containment features that complied with regulations
and represented a safe design installation. Single
containment tanks typically feature a primary liquid
containment open-top inner tank, a carbon steel
primary vapour containing outer tank and an earthen
dike for secondary liquid containment. 

Double containment tanks are similar to single
containment designs except that the outer tank is
capable of containing liquid spills in the event of a
breach in the inner tank wall. This tank design has
a freestanding 9% nickel inner tank and an outer

tank made of either prestressed reinforced
concrete. However, the roof is still constructed of
steel and will not contain vapour produced by
failure of the inner tank.

Full containment tanks are the latest design
development. National Grid Grain LNG has four
190,000 m3 tanks which were completed over the
period of 2008 to 2010. Full-containment tanks
typically feature a primary liquid containment open-
top inner tank and a concrete outer tank. The outer
tank provides primary vapour containment and
secondary liquid containment. In the unlikely event
of a leak, the outer tank contains the liquid and
provides controlled release of the vapour.

Below ground and underground LNG storage tanks
are some of the world largest LNG tanks with
capacities over 200,000 m3. They have advantages
in requiring less land area and reduced seismic
loading but are expensive and are only common in
the Far East Asia.  
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Figure 2.4 Four types of commercial LNG storage tank 
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As tank design and volumes have advanced, the
heel height (an important parameter for
consideration in the prevention of rollover) has
reduced. This is because increases in storage
volume are due to the increased diameter of the
tanks, whereas the height has not significantly
changed  (45,000 m3 double containment tanks
have a height of ~ 50 m and 190,000 m3 full
containment tanks have a height of ~ 55 m).
Therefore, for the same volume of heel, the heel
height is reduced within the larger capacity tanks.

Due to the advancements in the scale of LNG
storage, this has allowed for advancements in LNG
trade. The LNG shipping market has witnessed a
rapid development in recent years in-line with the
rising world LNG trade. LNG buyers started to
move upstream and participated in upstream
activities such as shipping. Sellers also started to
move along the chain, becoming minority owners
in shipping and occasionally in regasification
plants. The history of LNG vessels shows that since
the 1970’s the vessels have steadily become larger.
From a typical size of 70,000 m3 in the 1970’s, to
125,000 m3 in the 1980/90’s and 145,000 m3 in
early 2000 with some ships over 200,000 m3. Today,
it seems that the ~ 160,000 m3 has become a
popular size, being the “standard” ship size for the
large amounts of LNG vessels to be delivered in
2012-2015. 

A new trend in the LNG business world is the
increasing use of storage and reloading services
which are provided by several terminals. This
creates new opportunities for short-term trading
and developing of geographical arbitrage. The
potential risk of rollover when mixing LNG with
different densities should always have a high focus.

The composition of these components depends on
the source of origin of the LNG. The component
characteristics of LNG for global gas fields are
detailed in (12) which reports that the methane
content of LNG can vary from ~ 89% to 97%. The
regasification terminal at National Grid Grain LNG
has received LNG from global sources and has
contracts for the delivery of cargos from Trinidad
(96.8% CH4 content (12)) and Algerian (88.9% CH4
content (12)) which are the two ends of the CH4
component spectrum. Therefore, LNG from a
Trinidad source is lighter (less dense) than
weathered stock in the LNG tanks, which will have
a reduced mixing affinity.

If a storage tank containing LNG is further filled with
LNG of different density, then it is possible for the
two liquids to remain unmixed, forming
independent layers. The stratification is initially
stable with the most dense liquid at the bottom.

Fill-induced stratification occurs readily if the added
liquid (the cargo) is more dense than the liquid
already in the tank (the heel) and filling is at the
bottom or if the cargo is less dense than the heel
and filling is at the top. Once formed, the layers are
stable and can last for long periods of time. Two
independent circulation cells are set up in the liquid
as shown in Figure 2.4. Both heat and mass are
transferred convectively across the interface
between cells.

Figure 2.4 Liquid stability stratified in to cells
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Heat entering the top cell is absorbed at its sides
and bottom, transported to the surface in the free-
convective circulation and lost as latent heat of
evaporation at the surface layer. This is similar to
the behaviour in the single cell of an unstratified
tank. The bottom cell, however, gains heat from the
bottom and sides of the tank but can only loose
heat at the interface between the two cells by
convective mechanisms. Generally, these
mechanisms transfer less heat than is lost by
evaporation at the surface layer, and so the bottom
layer heats up. Sometimes, however, the heat
addition to the bottom cell is less than the heat
transfer across the interface and the bottom cell
cools, tending to increase its density and stabilise
stratification.

Figure 2.5 shows the variation of temperature and
density of the top liquid with time in the two cells
for the bottom cell heating up (case I) and Figure
2.6 shows the variation for the bottom cell cooling
(case II). In both cases the liquid in the top cell
shows an effect of weathering, heating up and
increasing in density with time.

In Figure 2.5 (case I), the temperature of the bottom
cell increases rapidly and its density falls. When the
densities are equal (or approximately so) the
interface disappears and the cells mix. This mixing
of cells, which is usually fairly rapid, is called a
rollover and is often accompanied by an increase
in vapour evolution, see section 2.6.

In Figure 2.6 (case II), the temperature of the
bottom cell decreases and the density rises.
Rollover is delayed until the top layer weathers
sufficiently for the densities of the two cells to
equalise.

Figure 2.5 (a) Case I, variation of temperature with time
Figure 2.5 (b) Case I, variation of density with time

The likelihood of stratification occurring can be
reduced considerably, although not eliminated in
every circumstance, by encouraging mixing during
filling as follows,

(i) The difference in density of the two liquids can
be used to promote their mixing (i.e. by bottom-
filling light liquid or top filling heavy liquid),

(ii) Jet nozzles can be used to deliver additional
momentum to bottom-filled heavy liquid,
increasing entrainment of heel liquid in the flow
of cargo liquid and

(iii) Fill tubes pierced holes can be used to
distribute cargo liquid within the heel.

2.4 Effects of Nitrogen

Nitrogen, if present in LNG, is the most volatile
component, boiling off preferentially and causing the
saturation temperature (bubble point) of the
remaining liquid to increase. The molecular weight
of nitrogen (equal to 28g/mol) is larger than that of
methane (equal to 16g/mol) and consequently for
most LNG the preferential loss of nitrogen causes
the density of the remaining liquid to decrease. By
contrast, in a nitrogen-free LNG, preferential loss of
the most volatile component (methane) causes
increases in both the saturation temperature and the
density of the remaining liquid. This characteristic of
nitrogen in LNG has two important consequences
for rollover, the need for special filling procedures
and the possibility of auto stratification.
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2.4.1 Filling Procedures
Because weathering increases the density of
nitrogen-free LNG, it is usually appropriate to
bottom-fill fresh LNG from the same sources as the
weathered heel in order to promote mixing.
However, if the LNG contains nitrogen, weathering
decreases the density initially. In this circumstance
it is appropriate to top-fill fresh LNG from the same
source as the weathered heel in order to promote
mixing, or alternatively to use a mixing nozzle
located at the bottom of the tank. Prevention
methods are described further in Section 5.1. It is
noted that recirculation of LNG from tank to tank
within an LNG facility to maintain cryogenic
temperatures of pipe work can contribute to the
occurrence of stratification. Recirculation flows are
of much lower flow rates than the flows associated
with ship offloads, this lower flow rate combined
with LNG of a high nitrogen content can generate
stratification. The nitrogen will flash off when the
pressure of the LNG is dropped upon return to the
tank, thus generating a thin layer of lighter LNG at
the top level of the tank. 

2.4.2 Auto Stratification
There is evidence that the presence of nitrogen in
LNG can cause a previously homogenous liquid to
self stratify. This self stratification is also called auto
stratification or nitrogen-induced stratification.
Figure 2.1 shows the boundary layer rise associated
with auto-stratification when LNG in a storage tank
gains heat through the wall. On reaching the surface,
the liquid flashes. If there is sufficient nitrogen present*,

its preferential loss can cause the flashed liquid to be
less dense than the remaining liquid. There is then no
driving force for recirculation and the light, flashed liquid
would be expected to accumulate near the surface.
The accumulation of light liquid would continue until
the layer of light liquid reached a height such that the
kinetic energy of the liquid in the boundary layer would
be insufficient to overcome the potential energy due to
density difference and carry liquid to the surface. No
further flashing could then occur and the height of the
layer of liquid would stabilise.

Chatterjee and Geist (13) give an expression for the
stable height (h) of the top layer as follows.

(2.2)

Where u is the average velocity of liquid in the
boundary layer, ρ1 is the density of unflashed liquid
�ρ2 is the density of flashed (light) liquid and g is the
acceleration due to gravity.

Once a layer of height given by Equation (2.2) is
formed the lower layer can no longer lose heat by
flashing and the temperature of the layer (bottom
cell) begins to rise. Thereafter, the behaviour is
similar to that for fill-induced stratification, rollover
occurring when the densities of the two layers
equalise, see section 2.3. However, there is one
significant difference that after the rollover event the
mixed liquid may still contain an appreciable
amount of nitrogen, which may continue to drive
the process of auto stratification and rollover may
be repeated one of more times.

* Chatterjee and Geist (13) do not precisely define
critical nitrogen content but state that only mild
effects are expected for nitrogen content between
1% and 3%.  Even if stratification occurs, which is
not certain, the subsequent vapour-evolution rates
at rollover are estimated to be only two or three
times normal. For 4% nitrogen or higher, auto
stratification is an established cause of rollover.
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These findings arose from looking at some incidents
at US peak shaving plants where nitrogen content
in the LNG was as high as 6% and repeated events
occurred which is a characteristic only predicted for
auto-stratification. GDF Suez performed, in 1990
and 1991, two experiments on a 120,000 m3 tank
at Montoir receiving terminal to study LNG ageing
phenomenon. For each test, a homogeneous layer
of LNG containing up to 0.8% of nitrogen had been
stored inside a tank up to four months. No auto-
stratification was reported at the end of these tests.
Operational experience has also suggested that
LNG is stored in Japanese LNG receiving terminals
for long periods of time with no stratification due to
convection inside the tanks. 

2.5 Other Types of Stratification

Stratification has been observed to develop in
cryogenic liquids following pressurisation and in
laboratory tests with aqueous solutions in which
there was an initial vertical density gradient. Neither
type is thought to play an important role in rollover
in LNG storage tanks, but they are mentioned here
for completeness.

2.5.1 Stratification on Pressurisation
A number of tests (14, 15, 16, 17, 18 and 19) for single-
component cryogenic liquids (mainly hydrogen) in
tanks up to 170 m3 capacity has shown that raising
the gas pressure above the liquid surface can cause

stratification to develop within the liquid. Similar
effects have been observed in 35,000 m3 LNG tanks
(20). This stratification is time-dependent, taking the
form shown in Figure 2.7. Initially, the liquid is at
uniform temperature roughly equal to the saturation
temperature, TS, at the pressure of the vapour above
it. If the pressure is then raised, a region near to the
top increases in temperature. This region grows
downwards with time. A correlation equation exists
(14) that predicts the vertical extent of the region of
non-uniform temperature. The Hashemi-Wesson layer
at the liquid-vapour interface was not resolved in
these tests.

For large pressure rises producing the effects
shown in Figure 2.7, the vapour evolution
essentially stops, see section 2.2.1, and the heat
absorbed through the base and sides of the vessel
serves to heat up the liquid and produce
stratification. Small pressure rises that reduce the
vapour evolution but which are insufficient to stop
it would not be expected to produce stratification.

This type of stratification does not produce
separate cells and no instances of rollover
associated with it are known. However, it does
explain the occurrence of pressures in excess of
the saturation pressure corresponding to the mixed
mean liquid temperatures that have been observed
in some closed LNG transports, in particular, a
barge and a number of trailers (21).

2.5.2 Double-diffusive Convection
A number of experimental and theoretical studies
(22, 23, 24, 25, 26, 27 and 28) have shown that
multiple horizontal cells can develop in liquids with
an initial density gradient as a result of side heating.
The experimental studies are mainly on the
laboratory scale and are with aqueous solutions in
which the solute increases in concentration in a
vertical, downward direction. Cells start to develop
close to the side wall and progress towards the
centre of the liquid container, ultimately forming
complete horizontal cells.
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It is possible for a density gradient of the right type
to occur in an LNG tank if fresh liquid is poorly
mixed with an existing heel and, if certain
conditions are satisfied, it is conceivable that
horizontal cells could develop also. Rollover might
then follow after the cells had agglomerated to
such an extent that only two cells remained.
According to Griffis & Smith and Narusawa &
Suzukawa (25, 26), an important condition for
development of the multiple horizontal cells is that
the value of the stability parameter, e, (which relates
buoyancy effects due to concentration gradients to
those due to thermal gradients) must lie within
certain limits. Unfortunately, the value of r for a
typical LNG tank is below the range of the
experiments and so it is not possible to predict
from these studies whether or not multiple
horizontal cells can be formed in such a tank. 

There are no known instances in which multiple
horizontal cells have been detected in LNG storage
tanks, whereas fill-induced stratification has been
detected by in-tank instruments on a number of
occasions. This fact, plus the absence of incidents
requiring explanation other than as consequences
of fill-induced or nitrogen-induced stratification,
suggests that stratification arising from double-
diffusive convection is not a problem in operational
tanks.

2.6 Characteristics of Rollover

Rollover, the rapid mixing of two stratified cells,
occurs when the densities of the cells
approximately equalise. Density equalisation is a
result of changes in the temperature and
composition of the cells brought about by heat
absorption from the surroundings and weathering,
see Section 2.3. If the mixed liquid has temperature
and composition such that it is appreciably
superheated with respect to the vapour pressure in
the tank, which is frequently the case, there is a
sharp increase in the vapour-evolution rate.

2.6.1 Mixing of Stratified Cells
Information on the way mixing occurs is important
because the mode and speed of mixing are likely
to exert a strong influence on the vapour-evolution
rate during an incident. Experiments with Freon (1)
and water (2) show that as the densities of the two
cells approach one another the boundary layer at
the wall tends to penetrate the interface and that
away from the wall, waves can develop at the
interface. It is therefore probably not necessary for
the densities to equalise exactly before mixing
begins. The critical density difference for mixing is
not known with any certainty but Miyakawa et al.
(29) present evidence suggestion that it is small in
LNG, about 1 kg/m3. The Freon experiments (1)
also show a dependence of the rate at which
mixing occurs on the physical distribution of the
heat input to the test tank. Side heating produces

“slow mixing”, the wall boundary layer penetrating
the interface between cells and the interface
moving gradually down to the bottom of the tank.
Heating from below produces “rapid mixing”, the
contents of the bottom cell rising bodily upwards
on the outside of a downward-moving plug formed
by the contents of the upper cell and the interface
losing its shape immediately. Combined side and
bottom heating can produce either “slow mixing”
or “rapid mixing”.

A layer of density intermediate between the
densities of the two cells has been observed
between the cells on several occasions with LNG
(29, 30 and 31). Such a layer is likely to affect the
mixing process.

It has been suggested (10) that stratification may
be terminated by the onset of boiling in the bottom
cell rather than by convective mixing of cells. This
is conceivable at the tank wall near to the interface
between cells if the temperature of the liquid in the
bottom cell exceeds the saturation value
corresponding to the pressure at the interface
(pressure in vapour space plus pressure due to
hydrostatic head of liquid in top cell). Boiling at this
point would occur first, requiring additional
superheat of perhaps 0.5 K to 2 K for bubble
nucleation (32). Progressively larger superheat
would be required for boiling lower down the wall
or at the tank base because of the increasing
hydrostatic head of liquid above. Boiling throughout
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the bulk liquid due to homogenous nucleation is
inconceivable, requiring additional superheat of 50
K at least (33). This is how the Partington rollover
incident that occurred in 1993 was justified by
Baker and Creed (34) who described it. The
researchers claimed that around the time of rollover
the lower layer had reached its new bubble point
under the hydrostatic head of the upper layer.

2.6.2 The Vapour Evolution Rate
Once stratified cells have been created and allowed
to evolve over a period of days, the bottom cell
cannot cool by evaporation which results in the
vapour evolution from the tank being lower than the
nominal rate. One of the initial indications that
stratification has occurred is a drop off of the BOG
evolution rate from the nominal rate and an
increase of the temperature of the LNG in the
bottom part of the tank, due to heat in leak into the
bottom layer which cannot be released at the free
surface by evaporation. Uznanski and Versluijs (35)
stated that for an experimental trial the presence of
stratification reduced the nominal BOG by a factor
of five. 

When rollover occurs, it is accompanied by a rapid
increase in the rate of vapour evolution to a value
which can be many times the normal rate. Uznanski
and Versluijs (35) stated that the vapour evolution
that can be 10 to 30 times greater than the tank’s
normal boil-off rate, thus giving rise to potential
over pressurisation of the tank. Starting from the
rollover event the vapour evolution rate declines
steadily to the normal operational value. 

Figure 2.8 (a) and (b) show the evolution of an LNG
stratification created in a 500 m3 LNG tank for
experiments conducted by GDF Suez during the
late 1980’s, (35) and (36). This evolution can be
broken down into four distinct phases with regard
to BOG rate. During a first phase, the stratified
layers can be considered as insulated from one
another with respect to both heat and mass and
only the lower layer heats up progressively, which
decreases the density difference between the
layers. During a second phase, interlayer
penetration takes place between the two layers,
further reducing the layer’s density difference.
During the third phase, density equalisation occurs,
which results in a rapid mixing of the two layers,
producing the rollover event. The rollover is
characterised by a sudden release of superheat
from the lower layer, which is released at the free

surface through evaporation. The LNG then
progressively loses this overheat and returns to an
equilibrium state in a fourth phase. 

Bates and Morrison (36) used this research to
support their modelling approach for describing the
evolution of stratified LNG. The behaviour of
moving interfaces has also been reported by
Scurlock (37), who arrived at the same conclusion
after carrying out over 100 experiments with
cryogenic liquids.
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As part of the research for the revision of this
document, the Task Force surveyed GIIGNL
members and conducted a literature review for
the occurrence of rollover events and additional
events post 1983 that build upon the incidents
that were reported in the first addition of this
study. This study reports 24 incidents of rollover
events which are presented in Appendix A.  

In summary, the study returned a lesser count of
incidents than the study completed as part of the
first addition. What may be concluded from this
result is that either the first study may have
influenced the industry and lessons may have been
learnt, thus resulting in fewer incidents recorded as
part of the second survey conducted as part of this
study; or the second survey had less penetration
into the industry. In reality these events are far more
common than the documented cases suggest, but
LNG operators priorities are in preventing and
understanding rollovers, rather than publishing
data. The majority of the rollover incidents reported
occurred within the 1970 – 1980’s. Fewer incidents
are reported in the 2000’s but rollover events are
still occurring with a predictable frequency,
implying that the industry still has lessons to be
learnt even if the events appear to be of a lesser
impact than the events in the 1970’s. Out of these
24 incidents, three case studies are provided to
demonstrate the different types of rollover events
that have occurred.

It is possible to classify incidents as per type of
phenomena that occurred. The fill-induced
stratification is the most common scenario and the
two best documented cases of it occurred in La
Spezia, Italy in 1971 (38) and in Partington, UK in
1993 (34). Other fill-induced stratification is more
specific to particular sites and local technical
limitations, and in recent years a number of rollover
incidents were recorded on peak-shaving
terminals, where despite the lighter product being
fed from the bottom of the tank containing a denser
heel, instead of mixing it would float to the surface
forming a stratified layer. Investigation performed
by Sheats and Tennant (39) attributed this initially
unexpected behaviour to two main factors, firstly
being the lack of an efficient mixing nozzle, and
secondly a very low filling rate.

It may be possible to classify incidents as per
situational root cause:

• Peak shave – Less flexible operationally and of a
generally older design with less instrumentation

• Import Terminals – More flexible operationally and
of a generally newer with instrumentation 

• LNG carriers – Incidents are more hidden from the
public domain and therefore less reported

The results from the study show that rollover
incidents continue occurring over the LNG industry,
implying that lessons still need to be learnt. The
study reported incidents associated with new
commercial shipping arrangements such as partial
offload and reload, signifying that the industry
should consider more attention within this area,
particularly considering rollover in the design of
ships tanks. The rate of rollover incidents might be
an emerging theme with an increasing
diversification of LNG supply sources caused by a
growing number of liquefaction plants around the
world along with an increase in short-term trade.
This combined with the industries transition into a
new growth phase with new technology, such as
FPSO (Floating LNG Production, Storage and Off-
loading), bulk breaking and small scale LNG, ship
to ship reloading, LNG as a fuel and growth of road
tanker sector may see rollover incidents continue
in the future.
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3.1 Case Studies 

3.1.1 Case Study 1: LNG Rollover at La Spezia,
Italy, 1971
The terminal had two vertical cylindrical single
containment 9% Ni storage tanks each with a
capacity of 50,000 m3 and a maximum design
pressure of 50 mbarg. Bottom filling was achieved
by a side entry point and recirculation was achieved
via a top connection. The tank that was filled had a
heel of 5,170 tonnes with a density 541.7 kg/m3 (40)
to which a cargo of 18,200 tonnes of a density of
545.6 kg/m3 was added. Prior to discharging its
cargo, the “Esso Brega” LNG carrier had been
berthed in La Spezia for more than one month,
during which time the cargo had weathered and
warmed. When this heavier warmer LNG was
loaded through the bottom fill of the LNG storage
tank it stayed on the bottom forming a layer, with
the lighter cooler tank heel being displaced
upwards with only minimal mixing. 

About 30 hours after the loading had commenced
rollover occurred. The tank relief valves lifted for
approximately 1 hour and the process vent
discharged at high rates for a further 2 hours after
the tank relief valves were closed. The vapour
release peak was estimated at 10 tonnes/hour. It is
calculated that 185 tonnes of LNG vapour was
released in total, 89 tonnes from the tank’s roof

vents and the remainder from the process vent on
site (41). Some vapour drifted offsite to a public
road and as a precaution the public road was
closed and the LNG carrier was moved off the
berth. No ignition took place and no injuries were
sustained but some minor damage to the roof of
the tank occurred. Sarsten (38) studied this incident
in further detail.

The incident at La Spezia was the first significant
rollover event that occurred on an LNG storage
tank to be reported. The incident led to important
changes in storage tank design, instrumentation
and operations across the LNG industry.

3.1.2 Case Study 2: LNG Rollover at
Partington, UK, 1993
Tank No. 2 at the Partington site had a heel of
17,266 tonnes of LNG and a total of 3,433 tonnes
of liquefaction product was added over a period of
24 days (40). During the final 13 days of liquefaction
production, two significant events occurred. Firstly
a cryogenic distillation plant was commissioned
that reduced the heavy hydrocarbon and carbon
dioxide content of the feed gas to the liquefaction
plant, and secondly the nitrogen content of the feed
gas to the plant reduced due to the shutdown of a
specific gas field that supplied the UK gas
transmission system.

After 68 days following the end of liquefaction
production, the tank pressure started to rise rapidly
and both the process relief valves and the
emergency relief valves lifted resulting in
approximately 150 tonnes of vapour being vented
to atmosphere from the tank over a 2 hour period.
The pressure in the tank did not exceed the design
pressure and the tank was not damaged.

Calculations undertaken as part of the investigation
into the incident indicated that the tank heel prior
to filling was approximately 446 kg/m3, to which
1,533 tonnes of LNG at 449 kg/m3 was initially
added to the tank followed by 1,900 tonnes of the
lighter LNG, resulting in a product density of 433
kg/m3. The first phase of the run would have been
expected to mix with the heel, but the lighter
second phase would have stratified. In the first 58
days after filling approximately 160 tonnes of LNG
had boiled off whereas calculations showed that
350 tonnes would have been expected to boil-off if
no stratification was present.
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As a result of the incident, the operator amended
their operating procedure at the Partington plant
and other peak shaving sites across the UK for
filling tanks and identifying stratification. These
included determination of heel density by analysing
export gas, controlling LNG density from the
liquefaction plant to ensure it does not differ from
the heel by more than 5 kg/m3, limiting nitrogen
concentrations in the tank to less than 0.8% after
filling and regular analysis of boil-off composition
and rates. If stratification was detected then the
contents of the tank were circulated from bottom
to top of the tank to promote mixing and release
superheat from the LNG. Baker and Creed (34)
studied this incident in further detail.

3.1.3 Case Study 3: LNG Rollover on a Moss
Rosenberg Type LNG Carrier 
It was believed that rollover on a Moss Type LNG
carrier was unlikely to occur because the spherical
shape of the tank would enhanced the convection
current and ensure thorough mixing of the tank
inventory which would be further aided by the
vessel’s motion during transportation (40).

The first publication of this rollover Task Force
(1983) stated that there had been a rollover aboard
an LNG ship that occurred shortly after completion
of loading operations, but there were no details
available to publish as part of the study. The original
rollover Task Force also noted that stratification had
occurred onboard an LNG carrier on another
occasion. This second event was confirmed by the

recording of LNG densities during unloading and
by an unusually high vapour-evolution rate, more
than three times the normal value. The current Task
Force have reported the occurrence of a rollover
event on a Moss Rosenberg type LNG carrier, the
events are summarised below.

In 2008, a Moss Rosenberg type 125,000 m3 LNG
carrier discharged a cargo in the Far East that had
been loaded in the Atlantic Basin keeping over
8,500 m3 of LNG as heel in two cargo tanks (No. 3
and No.4) for the return voyage to the
Mediterranean to load (40). After 8 days at sea the
vessel received orders to change course and load
in a port in the Far East where it arrived 17 days
after leaving the discharge port, arriving with a heel
of over 5,000 m3 of LNG. The port where the vessel
loaded was a receiving terminal and the loading
rate was less than half of what would normally be
expected; also the vessel had to interrupt loading
for several hours to ensure that the cargo tanks
were cooled to acceptable limits and both of these
factors may have contributed to the stratification of
the tanks contents. The density of the cargo loaded
in the Atlantic Basin was 427 kg/m3, that of the
8,500 m3 heel 434 kg/m3 and that loaded in the Far
East 454 kg/m3, nitrogen content was negligible.

After 24 hours from leaving port the levels were
seen to increase in tanks No. 3 and No. 4. After 5
days, whilst the vessel was waiting to berth at the
discharge port, the tank pressures were seen to
rise, accompanied by a drop in the tank levels in 3

and 4 tanks as rollover occurred. The crew closed
the vapour valves from tanks 1, 2 and 5 to send as
much vapour as possible to the boilers from No. 3
and No. 4 tanks, which peaked at 200 mbarg.
Shortly after this event occurred, the vessel berthed
at an importation terminal and was able to send
vapour to the shore flare to manage boil-off and
commence custody transfer.

This was not considered to be a serious rollover
event when compared with the La Spezia incident,
but demonstrated that LNG carriers can experience
stratification and rollover if heavy LNG is loaded
under a heel of lighter density. The changes in tank
level were more apparent because a spherical tank
will have a greater change for a given volume than
a prismatic tank when the tank is fully loaded. At
no time did the tank pressures exceed the design
pressure nor did the cargo tanks pressure relief
valves lift (40). Knowledge of how to manage
different density cargos by the ship operations
team could have attributed to the occurrence of the
incident. The changing shipping pattern of the
vessel was also an attributing factor. These factors
are a concern as this result may highlight a future
trend in the industry as LNG as a commodity is
utilised in an ever increasing manner with different
ways of operating, new technologies and new
operators / users.

Rollover in LNG Storage Tanks | 2nd Edition: 2012 - 2015 | Public Version 19



4. Measurement of Stratification

The first signal of the presence of stratification in
a tank is a decrease of the boil-off rate of the tank
and an increase of the temperature of the LNG in
the bottom part of the tank. This temperature
increase is due to the fact that the heat leaks in
the bottom layer are not evacuated at the free
surface by evaporation but contribute to that
layer’s temperature increase. Another sign that
conditions exist for a rollover event is the
stratification of the stored LNG. This results in the
development of two distinct layers of liquid
densities within the product in the tank. All of
these effects are measurable and tank
instrumentation can be included to detect these
stratifications by measuring temperature and/or
density at various levels within the stored LNG.
Software is also available that uses data from
instrumentation on the storage tank to predict
when a rollover incident may occur which may be
many days after a filling operation has been
completed.

Since the publication of the first rollover study in
1983, the instrumentation available to the industry
has advanced. In those days a technician would take
a sample of the stored LNG from one of the LNG
pumps while it was operating. The sample would be
run through a chromatograph in a laboratory. The
results would be returned to the plant via interoffice
mail. These sampling routines would take place prior
to the start of any operations to refill the LNG storage
tank. It is obvious to foresee that this procedure
could lead to errors where the analysis results were
either delayed returning to the plant or lost resulting

in incorrect filling, i.e. top fill when it should have
been bottom fill or vice versa. Today LNG plants are
equipped with sophisticated and unmanned
systems to analyse the properties of the LNG in situ
with real time results available to operators. Gas
chromatograph-based techniques analyse
vaporised LNG samples, which provide a routine
means of providing LNG composition and other
properties. This data is then sent to the SCADA
system which informs the operators in the control
room as to the quality and density of the LNG both
incoming and existing. This information combined
with a LTD travelling gauge provides a useful setup
for the prevention and control of the stratification
phenomenon. Moreover, the present requirements
for the design and operation of LNG plants are
governed by internationals codes, such as:

• “Tank Systems for Refrigerated Liquefied Gas
Storage” (API 625),

• “Installation and Equipment for Liquefied Natural
Gas – Design of Onshore Installations” (BS EN
1473), and

• “Design and Manufacture of Site Built, Vertical,
Cylindrical, Flat-Bottomed Steel tanks for the
Storage of Refrigerated, Liquefied Gases with
Operating Temperatures Between 0°C and 165°C
(BS EN 14620),

These codes require that LNG storage tanks be
equipped with a density measurement system to
monitor the density of the LNG over the full liquid
height. The following is a summary of the different
types of instrumentation used on LNG storage tanks.  

4.1 Useful Measurements

LNG tanks are equipped with intelligent tank
gauges with high accuracy liquid level, interface
level, density and density profile measurements
with the following three main purposes: 

• Detection of stratification, 
• Monitoring the effectiveness of methods of
preventing or eliminating stratification and

• Obtaining data for investigation of any incidents
that occur.

A list of useful measurements for these purposes is
as follows:

• Vertical temperature profile in LNG
• Vertical density profile in LNG
• Vapour withdrawal rate
• LNG level
• LNG filling and withdrawal rate
• LNG recirculation rate
• Composition 
• Tank pressure

It is generally not necessary to make all these
measurements: for example, stratification can be
detected from the temperature profile, from the
density profile, from analysis of composition or from
the vapour evolution. Also, not all parameters need
to be monitored continually. The choice of which
measurements are made and when they are made
ultimately depends on individual site conditions
and requirements.
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4.1.1 Instruments in Use
The instrumentation on new LNG storage tanks has
developed into a standard configuration. The setup
normally includes two level gauges (either servo or
radar) with associated temperature arrays for average
LNG temperature, a dedicated high level gauge, a
level temperature density (LTD) gauge for profiling,
and some combination of skin temperature
measurement for cool-down monitoring and leak
detection (Figure 4.1). The LTD travelling gauge is an
instrument that has been designed to collect the
temperature and density over the entire depth of the
liquid. This is accomplished by traversing a single,
multifunctional probe through the height of the liquid
and recording the temperature and density at present
intervals. This operation requires less than an hour
depending on the height of the liquid in the tank and
can be done as often as desired. It is normally done
after a significant change in tank conditions and once
a day under static conditions (39). The association of
a travelling liquid temperature density (LTD) gauge
with rollover prediction software gives the operator
an integrated predictive tool with real time validation,
in order to optimise the management of LNG storage. 

4.1.2 Vertical Temperature Profile in LNG
One of the features of the LTD device is to measure
the temperature profile across the height of the
LNG storage tank. Figure 4.2 shows real
operational data for temperature variation across
the height of a tank that contains stratified LNG.
There is a clear transitional region for of both
temperature and density around a level of 1500 mm

as measured by a travelling gauge. The graph also
depicts how both the measured parameters of
temperature and density evolve with respect to
time. Calibrated platinum RTD’s are typically used
for temperature measurement which have an
accuracy of ± 0.1ºC and a high level of resolution
(typically 0.01ºC) to be able to detect changes in
the temperature of stratified layers. LNG storage
tanks are also normally installed with temperature

sensors on the tank walls for cool down monitoring
purposes. These temperature probes are not
suitable for detection of LNG stratification as they
are not very accurate.
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4.1.3 Vertical Density Profile in LNG
A key measurement for determining the presence
of stratification is a vertical density profile across
the height of the LNG storage tank. This
measurement is typically performed by use of a
LTD device. The accuracy range for this type of
instrument for density measurement is typically
0.1% of range, 0.5 kg/m3, however, the accuracy of

the measurements is not as important as the
resolution and repeatability. What is important of
this type of device is that the resolution is high
enough to detect changes in the density of
potential layers within the storage tank. Figure 4.2
is an example to show a typical result for density
measurement across a storage tank height for
stratified LNG. 

Capacitance gauges instruments were historically
used for the purpose of measuring vertical density
profiles. However, capacitance gauges are seldom
installed in newly constructed LNG storage tanks
as other types of instrumentation have been
developed that are more accurate.

4.1.4 Vapour Withdrawal Rate
Turbine meters and orifice plates predominate as
gas flow meter used for BOG flow measurement.
Instruments need to be able to withstand and
measure high vapour-evolution rates during an
incident. The vapour withdrawal rate can also be
deduced from the BOG compressor capacity and
experienced operators will detect a deviation from
the normal compressor demand, signifying that
stratification may exist. 

4.1.5 LNG Level
Float gauges, displacement gauges and radar
gauges predominate. Recording systems are
available these can be useful for monitoring liquid
loss before and during an incident.
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and density profiling
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4.1.6 Other Measurements
LNG filling, withdrawal and recirculation rates are
known from the pump characteristics. 

Composition is universally determined by gas
chromatography, accurate techniques for which
have been extensively developed for custody
transfer purposes.

Tank pressure is monitored during normal
operation. During rollover the data are useful for
three purposes;

• to ensure that operating limits are not exceeded,
• for estimating the vapour evolution if direct
measurements are not made

• for correcting any measurements of vapour
withdrawal that are made (the ullage space may
retain a significant quantity of vapour if the
pressure rises appreciably).

4.2 Peak Shave Plants

Peak shave plants are typically older facilities that
have issues with rollover occurrences primarily due
to the fact that their design and build predates
significant advances in rollover identification and
prediction techniques. Therefore, they typically only
have top fill capabilities during liquefaction and
limited instrumentation installed. The Chattanooga
Gas Peak Shave Facility, USA operated safely 
for many years without any specialised
instrumentation to detect and minimise the
consequences of rollover (39). The main indication
of an impending rollover was a decrease of the
BOG rate and an increase in temperature the
bottom of the tank. The LNG storage tank was
retrofitted with LTD system together with an LNG
management data acquisition software system.
The combination of this equipment provided the
ability to collect temperature and density profile
information over the entire height if the LNG stored
in the tank and analyse the data to assist the
operator in making the correct decision for stock
management. Of particular importance in this
application is the fact the system may be installed
in a tank in service and does not require a stilling
well to protect the probe. Whilst the plant had
operated safely for many years without this
instrumentation, increased requirements from
regulatory agencies were one of the primary drivers
for the installation of this equipment to demonstrate
that the plant was being operated safely at all 
times (39).
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The incident at La Spezia is the first known
rollover event that occurred on an LNG storage
tank. This incident led to important changes in
storage tank design, instrumentation and
operations. Also, the Partington incident led to
further changes in the LNG industry and in the UK
this led to all LNG tanks being fitted with
densitometers. The learnings from these
incidents fed into international codes such as API
625, EN 1473 ”The design of onshore LNG
terminals”, and NFPA 59A “Standard for the
Production, Storage and Handling of LNG” now
require that LNG tanks be equipped with the
necessary systems to mitigate potential rollover
conditions. Additionally, they require that a top
and bottom fill be provided to allow the mixing of
tank contents. 

The possibility of a sudden release of large
amounts of vapour and the potential over-
pressurisation of the tank resulting in possible
damage or failure is recognised by the major design
codes. EN 1473 and NFPA 59A, both require this
phenomenon to be taken into consideration when
sizing relief devices. Whilst the relief valves may
prevent damage to the tank, LNG vapour is not only
flammable and heavier than air on release, but a
valuable commodity and a potent greenhouse gas
and therefore venting should be avoided whenever
possible. 

Potential stratification may be prevented during
filling operations by loading the denser liquid above
the heel of a lighter stored LNG or loading a lighter
LNG into the bottom of the tank combined with
proper filling rate and/or mixing nozzle so that the
light grade does not float to the surface. This
creates mixing of the unloaded product with the
stored contents. If stratification is detected,
product can be moved to prevent rollover from
occurring. Product can be recirculated by moving
it from the bottom of a particular tank to the top of
that same tank. Alternatively, the product can be
transferred from the bottom of one tank to the top
or bottom of an adjacent tank. Top and bottom fill
nozzles designed to promote mixing (in conjunction
with the in-tank pumps) are used to move the
product for loading, recirculation, and transfer
operations. Not only does this move the product to
areas with similar compositions, but it also serves
to mix the product and release any trapped heat or
vapour within the product being moved. Mixing
may also be promoted with mechanical agitators
such as jet mixing nozzles on the top-filling and
mixing slots on the bottom-filling. 

Informed LNG storage tank design combined with
appropriate plant operational procedures can
mitigate the risk of rollover. Mitigation measures
that are used are:

• Stratification inside storage tanks is avoided by
top or bottom filling according to heel and fill LNG
densities, bottom/top recirculation, mixing the
liquids by filling using jet nozzles and distributed
fill systems

• Different compositions of LNG are stored in
separate tanks

• Specify LNG with nitrogen content less than 1%

• Monitoring of LNG density and temperature over
height of tank

• Monitoring of total boil-off and heat balance to
detect superheating

• Use of software based on LNG tank
thermodynamic modelling to predict potential for
roll-over

• Ensure LNG residence period in tank is not too
long

• Process relief systems and safety valves are
designed to handle rollover effects

Out of all of these mitigation approaches, the direct
measurement of density across the tanks’ height is
the primary means of detecting stratification.
During stratified conditions the bottom layer often
becomes superheated, but monitoring BOG rate is
a better indication of potential stratification, rather
than direct measurement of the temperature of 
superheated LNG.
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5.1 Prevention Methods

5.1.1 Bottom Filling
If the incoming LNG is lighter than the heel in the
tank, a bottom filling operation will generally ensure
a complete mixing of the two LNG grades, with little
or no chance of stratification. The boil-off gas
production, generated due to the temperature rise
of the LNG during transfer from the LNG carrier to
the filled tank, is limited by the hydrostatic pressure
at the bottom of the tank. The bottom filling device
(Figure 5.1) consists of a tube attached to the
support of the tanks and goes down vertically from
the top to the bottom of the tank. At the bottom of
the tube, there are some slots that direct the
incoming LNG into several directions to promote
mixing with the LNG in the heel. The bottom filling
device is positioned at the edge of the tank near the
tank wall. The location, diameter, number and width
of slots and other characteristics depend on the
specific design. 

5.1.2 Top Filling
If the incoming LNG is heavier than the stored LNG
a tank top filling operation will avoid stratification
and the risk of subsequent rollover, but this usually
results in excessive vapour generation due to the
flashing of the injected LNG into the tank’s vapour
space and subsequent increase in tank pressure
which must be managed. A simple solution to this
is to reduce the loading rate, but this may not
always be commercially acceptable and other
means may need to be adopted. Furthermore, top

filling is not generally provided on LNG carriers,
unless they have been modified for use as a floating
storage regasification unit (FSRU) when they are
often provided with top fill connections.

Top-filling devices such as sprays or splash plates
are common and appear to be fairly effective
insofar as they cause
large vapour evolution
rates. However, it is
thought that this type of
device creates droplets
that can be carried over
into the vapour line,
masking the effectiveness
of the device and
sometimes making the
vapour evolution rate
excessive.

One method of reducing overall vapour generation
when top filling is to lower the tank pressure prior
to filling the tank; this will create more boil-off and
drop the temperature of the heel. Immediately
before filling commences the tank pressure is
raised to above normal operating pressure to limit
the amount of LNG that flashes off when
discharging into the tanks vapour space. This
raised pressure is maintained throughout the
loading process and when filling is complete the
tank pressure is slowly returned to its normal level. 

A top filling device is a pipe that enters into the top
of the tank though the dome chamber (Figure 5.2).
Normally the device consists of a plate at 45° to the
direction of flow. When incoming LNG comes into
contact with the plate it produces droplets of LNG
that fall down the tank into the heel.
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Figure 5.1 Model drawing of a typical bottom filling
device

Figure 5.2 Example of two types of top filling devices
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5.1.3 Filling using Multi-orifice Tube
A mixing device that comprises of a vertical tube
drilled with numerous holes over part of its height.
The device has the advantage that the discharge
rate for a given pump head is higher than for a
single nozzle. It is necessary for the holes to be
located so that they are submerged for most of the
time to avoid excessive vapour evolution.
Additionally, the holes are arranged so that the jets
miss internal tank fitting, instruments etc.

5.1.4 Jet Nozzles and Other Mixing Devices
A jet nozzle fitted to a fill line located at the bottom
of the tank can be very effective in preventing
stratification, but there must be sufficient head in
the filling line to ensure the jet can reach the surface
of the liquid and sufficient time must be allowed to
ensure the mixing process takes place in all of the
tank contents. Diffusers at the bottom of the fill line
can also aid mixing. 

5.2 Filling Logistics 

In order to prevent stratification, it is advised to
adjust the mode of filling the tank (top or bottom) to
the relation between density of the existent heel and
cargo. If density of the heel is lower, filling heavier liquid
from the top will promote natural mixing. Provided a
proper mixing nozzle and a suitable filling rate are
possible (in order to avoid the fill-induced
stratification described earlier) filling lighter liquid
from the bottom will also promote mixing. It is quite

common to top or bottom fill liquid according to
whether it is more or less dense than the heel in
order to avoid stratification, but it needs to be used
with caution: cases of stratification or rollover in
operational tanks following the correct choice of
filling point are known.

A common problem with top filling is that this mode
of operation causes a large vapour evolution rate.
Older sites tend to only have top filling to tank fill.
A way of avoiding stratification is to put liquids of
different density into separate tanks. This may
reduce operational flexibility, and difficulties can
arise matching storage tank and ship capacities
and scheduling deliveries. It may also be necessary
to send out liquid from more than one tank at once
to produce a composite mixture for control of the
heating value.

Tank stock management for optimisation of use of
gas quality blending utilities often sees tanks filled
with LNG of different ‘quality’. A ship acceptance
model is typically used to carry out calculations and
support the strategy for stock management during
unloading. For LNG receiving terminals there is a
need for a continuous flow of LNG from the in-tank
pump discharge to keep the unloading lines cold.
Due to continuous recirculation, stock transfer will
take place from the tanks with in-tank pumps
running to all other tanks. Thus consideration for
generation of stratification should be taken for
stock management due to LNG transfer during
reduced export or holding conditions.

5.3 Management of Stratification and
Rollover

Stratification can be destroyed by recirculation, by
rotating stock between storage tanks and by
sending out liquid before rollover can occur (this
may require stock to be exported during less
commercially viable periods). To use these methods
with confidence, the time to rollover needs to be
known, information that can be obtained by
modelling, this covered further in Section 6.  

Breaking up stratified cells can be achieved by
external recirculation of LNG by running the in tank
pumps and drawing in the bottom layer, circulating
this LNG around the plant (i.e. to the jetty) and
feeding it to the top of the tank. However, this
process has a cost associated through increased
power consumption from running additional pumps
and compressors and depletion of stock by
production of BOG which will need to be exported.
This process may also cause rollover to occur
sooner, but with less severity. The reason is that by
recirculating the liquid we effectively speed up the
process of densities equalisation, which is the
criterion for rollover occurrence. If a sophisticated
tank management system is provided, the operator
will have real time information on how long he has
to break up the stratification.
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In recent years, following work pioneered by GDF
Suez, there has been a growing trend to
intentionally induce density stratification. This
approach is used to reduce high LNG boil-off gas
rates, particularly when top filling is required for
heavier cargo. Thus BOG compression costs can
be reduced both during and after unloading LNG
carriers. These procedures require the
sophisticated tank management systems and a
means to break up the stratification as referred to
earlier.

5.3.1 Detection of Stratification and Prevention
of Rollover for LNG Carriers
Rollover risks for shore LNG plants are well
documented and understood and the risk of a
rollover occurring on an LNG ship has always been
considered low (40). This is because LNG ships
often maintain a dominant trading pattern for
specific vessels, therefore the opportunity for rich
cargo to be loaded beneath a lean heel is reduced.
Also, due to the process of weathering the
remaining heel in the ship is expected to be richer
than the cargo that is being loaded.

However, as reported in Section 3.1.3, at least one
rollover has occurred within a ship. The incident
arose because there was an unusually large heel
aboard and the heel was lighter then the incoming
cargo. It is also possible to foresee a set of
circumstances that could lead to rollover where a
ship is being used as floating storage for an
extended period of time, which is then topped up

with LNG from a richer source (40). Because ships
do not normally have either the instrumentation to
detect stratification, or the means of mixing the
tanks, the best way to manage stratification is to
avoid the conditions required to instigate it. Steps
such as keeping ships on dedicated trading routes
(i.e. within a rich or lean region), reducing the heel
for ships arriving at load ports and floating storage
being replenished with LNG from the same source,
these steps are all deemed as good practice to
reduce the risk of stratification. However, if the
circumstances for stratification present themselves,
then (40) suggests the following actions to mitigate
the potential risk. The advice given in (40) is to:

1. Consolidate the heel into one tank. 

2. Partially load a second tank to a level such that
there is room to transfer into the tank the entire
heel.

3. Close the manifold liquid valves - leaving the
vapour manifold open.

4. Transfer the heel into the partially filled tank. This
should be done using the ship’s cargo pumps as
fast as safely possible, prudence and vapour
generation permitting. The reason for speed is to
promote as much turbulence as possible in the
bottom of the receiving tank to aid mixing.

5. Do not load any further LNG into the tank
containing the mixture. 

6. Complete loading the other tanks as per normal
procedures.

The procedure above is to be carefully discussed
between ship and shore before commencement of
loading. It should be noted that the transfer and
mixing process may generate significant amounts
of vapour.

5.4 Operating Methods

This section summarises how operators for
different types of LNG sites put the above
recommendations into practice. 

5.4.1 Statoil Hammerfest LNG Export 
Terminal Method
The LNG storage and loading facility is controlled
by a central control system which is operated from
the Central Control Room. In order to prevent LNG
tank roll over phenomenon, each tank is equipped
with a level-density-temperature device, which
measures and indicates liquid density and
temperature at various levels through the LNG tank
inventory. Whenever a density difference of more
than 1.0 kg/m3 or if the difference of product
temperature between any two layers is more than
0.5°C, or a change in level of ~ 2 m is observed, 
it is considered that stratification of the LNG
inventory into distinct layers may be about to occur.
The density measurement system will raise an
alarm if the density difference is more than 1.0
kg/m3. If this happens the operator takes
immediate action to eliminate the stratified layers
to prevent a potential rollover condition. Generally
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the stratification will be eliminated by mixing of the
tank’s inventory or through inter-tank transfer. Tank
recirculation will be undertaken by operating one of
in-tank pumps on spillback to the tank. LNG is
taken from the bottom of the tank and is filled into
the top of the tank via the top filling device and the
layer is gradually reduced.

5.4.2 National Grid Grain LNG Import 
Terminal Method
The LNG storage tanks are routinely monitored
using densitometers to look for stratification within
the stored liquid. This is conducted at least once
per week and after ship unloading.

If the densitometer indicates that stratification
exists, the tank is mixed by running the in-tank
pumps on spill back. LNG is circulated until the
density measurement indicates a top to bottom
variation  less than 2 kg/m3 and the temperature
measurement indicates a top to bottom variation
less than 2°C. Additional boil-off compression
capacity is required during the circulation process.

If a rollover condition would occur then the
increased BOG would trigger high pressure alarms,
release gas to the vent and lift tank relief valves.
High pressure would also stop the unloading of
cargo if it is in progress and would trip the
recirculation of LNG through transfer pipelines from
the jetty.

A typical emergency response would include the
following steps:

• Maximise BOG disposal via site compressors and
relief system.

• Identification of the likely direction of release
based on wind data.

• Determination of a safe evacuation route for staff.

• Remote shutdown of sources of ignition
potentially in the path of the dispersing gas cloud.

5.4.3 National Grid LNG Tewksbury, MA 
The Tewksbury facility is a storage site that is filled
by road tankers. The site deploys a strict policy
when receiving liquid via road transport; lighter-
colder liquid is bottom filled; heavier, warmer liquid
is top filled. This method maintains a stable well
blended liquid in the tanks. Storage sites of this
nature may only empty half the contents of a tank
during the vaporisation season. An average
operating condition for a winter is to empty the
tanks by 50% to create ullage for the summer
refilling period. Also, the density of the LNG is
monitored and if it corresponds to a Gross Heating
Value approaching 41 MJ/m3 then an export is run
to vaporise to lower the tank level and create space
for lighter LNG refill. Export also decreases the
depth of the lower layer if the tank becomes
stratified. 

5.5 Safeguards against Rollover

In the event of a rollover, there may be a sudden
release of vapour that results in an increase in the
tank’s internal pressure. This increase in pressure
must be accommodated to avoid damaging the
tank. The most common way to manage this
increase is by providing pressure relief valves that
vent the over pressure to a flare or to atmosphere.
Other methods for lesser occurrences create the
need to run boil-off compressors to recover the gas
and send it to lower pressure distribution networks
and minimise loss of product and environmental
impacts. As previously stated in Section 4, Sheats
and Tennant (39) reported that for the Chattanooga
Gas peak shave plant, the normal BOG rate would
be approximately between 14,158 and 19,822
m3/day. Prior to rollover, the rollover rate would
drop considerably (8,495 m3/day). During the actual
rollover event at the facility, the rate would rise to a
range of 67,960 to 76,455 m3/day. There are two
BOG compressors at this site. During normal
operations one compressor is required. During a
rollover event, two compressors would be required
to handle the load. Anything that would make one
of the compressors unavailable (such as planned
maintenance or a breakdown) would increase the
likelihood of venting gas to the atmosphere to
protect against tank over pressure.
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International codes such as EN 1473 and NFPA
59A require that pressure relief be provided to each
tank as a last layer of defence to protect against
tank over pressurisation during a rollover event.
These codes also establish relief sizing criteria that
are expected to handle a “typical” rollover scenario.
EN 1473 requires that the venting requirements for
a rollover scenario be determined by a validated
model. If a validated model does not exist, the
venting requirement may be conservatively taken
as 100 times the calculated boil-off. Alternatively,
NFPA 59A requires that the relief system be
capable of venting 3% of the full tank contents in a
24 hour period.

For information the design for relief valve sizing for
an LNG tank used the guidance in appendix B of
EN 1473. Extract given below;

The boil-off due to a roll-over (VB) shall be
calculated using appropriate validated models. In
case where no model is used, the flow rate during
rollover shall be conservatively taken equal to:

VB = 100 x VT

This flow rate corresponds approximately to the
maximum flow rate observed in the past during a
real roll-over. Where  VT is the maximum flow rate
of a tank boil-off due to heat input in normal
operation is to be determined by assuming ambient
air at the maximum temperature observed in the
course of a hot summer day.

The approach NFPA 59A takes is to consider the
minimum reliving capacity and states:

The required relieving rate is dependent on a
number of factors, but sizing will be based on the
NFPA 59A Section 7.8.5.3 (2006 edition)
requirement that: “The minimum pressure relieving
capacity in pounds per hour (kilograms per hour)
shall not be less than 3% of full tank contents in 24
hours.”

In Asia, the Japan Gas Association (JGA) is an
association consisting of city gas utilities that
develops technical standards and recommended
practices that are used in Asian countries. Their
suite of Recommended Practices include:

• Recommended Practice for In-ground type LNG
Storage tanks (RPIS),

• Recommended Practice for Above ground type
LNG Storage tanks (RPAS),

• Recommended Practice for LNG terminals
facilities.

Rollover features within the Japanese design codes
but a detailed procedure is not described within the
code. Therefore, Japanese utility companies allow
for rollover within the design by considering the
specific features of the LNG terminal. As the result,
API codes may also be used in addition to these
standards depending on judgment of each
company. For Japanese design codes, the relief
valves of LNG storage tanks are sized for a fire case.

Calculating the boil-off quantity that is expected is
very difficult, if not impossible to estimate as it
would depend on so many different factors.
Therefore, designers may put emphasis onto the
code requirements or back on the client as only
they know how they will operate the tank and the
type of cargos or liquefied product that could be
produced and the time it will remain in the tank.
Vent headers or flare stacks (to reduce
environmental impacts) can be used to relocate the
release away from the localised relief valves if the
vapour evolution period (rollover event) is extended
for a significant period of time, Sheats and Tennant
(39) have stated that depending on the severity of
the rollover, this could take several weeks. Flare
systems are often preferred as they displace
methane emissions with CO2 emissions, which
have a significantly lower global warming potential.
Methane (the principal component of natural gas)
is reported to be 20 times more harmful to the
environment than carbon dioxide.
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The original rollover study reported the
development of seven LNG rollover simulation
models in 1983. Today, the LNG rollover simulation
market is dominated by a few commercial
proprietary software’s that are based on the
principles of the earlier models. This section
provides an overview of the four main models on
the market and their principal use.

Some LNG terminals around the world use rollover
simulation models to predict the behaviour of LNG
in storage tanks. Enagás use an LNG rollover
simulation model to provide their operators with
unloading strategies to manage cargos of different
densities and simulate the stratification process
once the LNG is stored.

A second motivating factor for utilising rollover
prediction models is for operator training.
Personnel with considerable experience feel
comfortable in operating the plant with the
indication of normal operating pressure and LNG
stock temperature. However, newer operators do
not have that experience to draw upon, and
modelling and rollover simulation becomes an
important tool to give confidence that the plant is
being operated in a safe and efficient manner.

A growing trend for the use of model prediction
software has been to manage the purposeful
instigation of stratification as a stock management
strategy. The advantage is to gain efficiencies
during unloading operations by suppression of
BOG evolution. This will be discussed further later
in this section.

6.1 Whessoe Rollover Predictor

The LTD gauge monitors and detects a potential
stratification of a stored LNG. But it doesn’t provide
the LNG terminal’s operators with the evolution of
the said stratification. Wärtsilä has developed, in
collaboration with GDF Suez, the Whessoe Rollover
Predictor software. The heart of the software, the
calculation module, has been developed and
validated in the Nantes, France 500 m3 LNG
storage tank during a Gaz de France experimental
campaign on its cryogenic testing station.  
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Figure 6.1 Typical Whessoe Tank gauging architecture

Figure 6.2
Density profiling
overview
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The Whessoe Rollover Predictor software is directly
connected to the Tank Data Acquisition platforms
for an immediate processing of the LTD profiling
data.

In case of layered LNG, the software analyses the
density and temperature measurements from the
LTD gauge (layer height, densities and
temperatures). Other information is required such as
the availability of safety equipment (flare,
compressors, vents, valves, rupture disks) used in
the operation of the LNG terminal. The connection
of tanks vapour phases is also taken into account.

Based on the chemical compositions of the layers,
densities, temperatures and safety equipment
availability, the software determines an operational
scenario that includes the evolution of each layer.
This leads to predict also the evolution of the
chemical composition for each LNG layer. These
data feeds are recorded in order to be used at the
next calculation step and thus increases the
accuracy and the reliability of the predicted
scenario.

The Whessoe Rollover Predictor predicts the
occurrence of a rollover within the next 30 days,
and provides the operator with:

• The tank where rollover is expected
• The remaining time to rollover
• The predicted boil-off gas level during rollover
• The predicted pressure rise during rollover
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Figure 6.4 Instrumentation array as used
by MHT rollover prediction Model

6.2 MHT Technology Ltd. Rollover
Prediction Model

The Rollover Module developed by MHT
Technology for predicting the behaviour of
stratified LNG in storage tanks is based on
the concept of lumped parameter model. It
simplifies the spatial dependence of the
system, compared with Computational
Fluid Dynamics models. The module forms
a part of an integrated LNG stock
management system such as the one
shown on Figure 6.4

Based on the given initial conditions, the
model allows the user to visualise a number
of process parameters and properties using
screen such as the one shown on Figure
6.5, as well as number of graphs and
tables.

The user can display the evolution of
temperature, density, thickness of the
stratified layers within a tank, as well as
other parameters characterising the
conditions inside the tank and inventory
properties during rollover incubation. The
novelty of the model comes from its ability
to estimate heat and mass transfer
coefficients from the real time level-
temperature-density (LTD) profiles using the
inverse method. These parameters have
significant influence on heat and mass
transfer between the liquid layers and
consequently the onset of rollover and so
their accurate prediction is of crucial
importance.

The inverse method uses LTD profiles taken
at two known instances in time. The lumped
parameter model is solved iteratively
varying the heat and mass transfer
coefficients after each loop, until the
predicted change in density will match the
actual one between the two profiles within
the defined accuracy. This way, starting
with an initial estimate of the heat and mass
transfer coefficients it is possible to obtain
the adjusted values that best describe the
given LNG tank at the time.
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The model accounts for all major tank operations
such as external recirculation, emptying or filling,
as well as processes such as flashing in the ullage
vapour space. The output from the model
calculations can be visualised (or displayed in
tabulated form) and easily compared with different
results for various operating conditions. This allows
the operators of the plant to safely manage a tank
in a stratified state if desired until it becomes
necessary to take immediate actions to avoid
rollover incident. The Rollover Module can
annunciate the following alarms depending on the
results of the performed simulation:

• The time to rollover event

• Warning: Risk of venting to atmosphere (in case
the predicted peak vapour pressure exceeds the
specified vent pressure)

• Warning: Risk of tank damage (in case the
predicted peak vapour pressure exceeds the
specified tank design pressure)

The module also recommends top or bottom filling
depending on the density of the new LNG and the
density of the LNG already in the tanks. It was
validated against the two case studies described in
detail in the open literature (La Spezia in Italy and
Partington in UK) as well as the rollover incident
which occurred at the Chattanooga peak-shaving
terminal in US. Some of the principals of model
operation were described by Deshpande (42).
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Figure 6.5 MHT Technology Rollover Module Standard View
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6.3 LNG MASTER® GDF Suez

GDF Suez has developed a commercially decision-
support software called LNG MASTER®, which
predicts the behaviour of LNG in storage tanks. From
the design to the operating phases of LNG facilities,
the LNG MASTER® software predicts the behaviour
of LNG during the operations that occur in LNG
terminal storage tanks:

1.  Unloading of LNG carriers into LNG storage
tanks with assessment of tank filling
consequences (boil-off gas generation, gas
return flowrate from the terminal to the ship and
LNG mixing).

2.  Stratification evolution up to the rollover event
with assessment of occurrence date and boil-off
gas peak.

3.  Ageing of homogeneous LNG with prediction of
LNG composition changes, as well as Gross
Calorific Value (GCV) and Wobbe Index changes.

4  Tank to tank transfer and LNG recycling within a
tank.

5.  Prediction of operating pressure changes on
LNG behaviour.

6.  LNG send-out operation to regasification unit
(GCV and Wobbe index).

LNG MASTER® is intended both as a safety and
optimisation tool for tank management operations
in LNG storage sites (receiving terminals,
liquefaction plants and peak shaving sites). 

The LNG MASTER® software has been validated
through a wide database developed from laboratory
tests, a 500 m3 pilot tank LNG tests conducted in
the past by GDF Suez on their LNG cryogenic
testing station in Nantes (France) and on-field tests
and operations follow-up at various LNG receiving
terminals (Montoir-de-Bretagne Fos-sur-Mer and
Fos-Cavaou and La Spezia). It mainly included tests
on:

• LNG ageing and dynamic evaporation of stored
LNG.

• Tank filling with complete LNG mixing or
stratification formation.

• Stratification follow-up including rollover
occurrence.

The LNG MASTER® software is based on published
as well as in-house physical models which have
been adapted to LNG product through these
experimental and operational data. These models
cover all the phenomena that could occur into LNG
storages, among them:

• Hashemi & Wesson model for modelling LNG
evaporation process at the LNG free surface that
was originally developed for water but which has
been adapted to LNG (5).

• Heat and mass transfer models across a thick
interface in a stratified LNG storage comprising
both double diffusive model based on J.S. Turner
model (43) and interfacial entrainment model for
modeling dynamics and progressive erosion of the
thick interface based on Y. Zellouf model (44).

• Advanced dynamic tank filling model that is
capable of simulating mixing of various LNG
qualities during filling operations carried out in
large industrial tanks with commonly used
industrial filling devices. This model is also
capable of predicting stratification formation when
mixing is unachieved (45).

All the implemented models help the LNG operators
in predicting the evolution of the mean density,
temperature and concentration profiles as a
function of time, as well as the instantaneous boil-
off gas flow rate allowing them to optimise the
handling of different LNG in the same tank during
filling operations.
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Figure 6.6 LNG MASTER software
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LNG MASTER® can be applied to optimise the LNG
unloading operation to storage tanks. It is well
understood that a significant amount of gas is
flashed off during the filling operation. One way of
reducing the amount of gas produced during the
unloading operation is to reduce the rate of filling,
thus reducing flow of displaced vapour as the tank
fills. Another solution is to optimise the tank’s
operating pressure in order to minimise gas
production during tank filling. This is achieved by
initially pre-cooling the tank heel before unloading
by lowering the operating pressure. Changing the
pressure draws off more BOG, thus lowering the
temperature of the LNG. Prior to unloading, the
operating pressure is increased above the normal
operating pressure in order to suppress the amount
of flashing for the unloaded LNG. Once tank filling
has completed, the tank pressure is then
progressively lowered to the normal operating level
for storing LNG.

An alternative solution is to use a software
prediction model such as LNG MASTER® to
purposefully create a stratified condition as part of
the unloading operation. By deliberately creating a
stratification, in particular in the case of loading
heavy cargo under light heel by bottom filling, the
operator reduces BOG production rates during the
filling operation, and reduces the BOG rate after
tank filling during LNG holding condition. Uznanski
and Versluijs (35) reported that the stratification
method reduces the normal BOG rate by a factor of

five. Other advantages for using this stratification
method are to decrease electrical power
consumption for BOG gas compression during LNG
ageing, which reduces terminal operating costs.
However, once such a stratification is formed, it
needs to be managed safely particularly for the
evolution of the stratification up to rollover. 

Among the rollover mitigation methods available to
the operator, tank emptying represents one of the
most effective methods to safely manage
stratifications. This method best suits LNG terminals
with continuous or frequent exports of LNG. The
emptying flow rate necessary to avoid rollover
occurrence must be sufficient to completely empty
the lower layer before its density equalises with that
of the upper layer. LNG MASTER® can be used to
calculate the critical emptying rate as shown in
Figure 6.7.

Figure 6.7 shows the emptying rate curve giving the
time necessary to empty the lower layer of a
stratification at the prescribed emptying rate. The
rollover time curve represents the rollover onset time
at the given emptying rate. As the emptying rate
increases, the rollover onset time decreases. At
sufficiently high emptying rates, the two curves
intersect. This intersection, defined by the critical
onset time and the critical emptying flow rate,
defines the critical point of stratification. The critical
emptying flow rate of stratification is the flow rate at
which the lower layer is entirely emptied just as

rollover occurs. Operating at an emptying flow rate
above this critical flow rate ensures the withdrawal
of the lower layer before rollover occurrence. In this
way, the region in Figure 6.7 to the right of the
emptying rate curve represents the safe operating
zone of stratification. LNG MASTER® calculates the
critical emptying flow rate with the site’s operational
constraints such as the number of pumps in tank to
provide a strategy for operators to safely manage
the stratification.
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Figure 6.7 Stratification critical point
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6.4 Computational Fluid Dynamics
Model, Tokyo Gas

Tokyo Gas utilise a CFD 3D model, with the
assistance of CFX, a general purpose CFD software
for heat transfer and fluid flow analysis by ANSYS
Inc., in order to improve safety, efficiency and
reduce LNG storage costs. The CFD model is used
for the simulation of LNG stratification and rollover
for Tokyo Gas LNG importation terminals.

Koyama (46) evaluated the model’s performance
against measured values for an LNG importation
terminal. Koyama’s (46) results showed that the
density contour (Figure 6.8) for lighter LNG received
from bottom fill reaches the free surface driven by
buoyancy, then spreads along the surface, forming
a slow convective flow in the tank. These simulation
results were then compared with the measured
values recorded during a real unloading operation
(Figure 6.8). Overall, a good correlation between
simulation results and measured values was
reported. Koyama (46) concluded that the initial
density difference, the initial LNG depth, and the
filling rate were directly related to any stratification
that may have occurred post unload.
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Figure 6.8 Comparison of density profiles simulation and measured

Comparison with measured
Density Profiles at tank centre



7. Conclusion

The GIIGNL Task Force have reviewed the
phenomenon of LNG rollover within storage tanks.
This document has presented the theory of the
occurrence of stratification leading to rollover and
the practical means of managing stratification,
either to prevent rollover or to optimise BOG
generation with the use of the right tools.

This document has summarised the occurrence of
LNG rollover as the rapid release of LNG vapours
from a storage tank that has become stratified.
Stratification arises when two separate layers of
LNG with different densities exist in a tank. The
weathering effect enables the LNG densities to
become approximately equal at which point the
two cells rapidly mix. This rapid mixing causes large
amounts of vapour to be released as part of an
uncontrolled event that can have safety
implications.

The Task Force conducted a worldwide survey and
literature review for the collection of incident data.
From the 24 rollover incidents reported, a
conclusion was proposed that fewer incidents have
been reported in recent years but rollover events
are still occurring. This implies that the industry still
has lessons to be learnt even if the events appear
to be of a lesser impact than the events in the
1970’s. This finding is of importance as the LNG
industry is going through a growth phase with new
operators and LNG being used in new processes.
The principles of management stratification for

these new processes are as yet not thoroughly
developed. 

Since the publication of the first GIIGNL rollover
study in 1983 an increasing awareness of LNG
stratification has resulted in a greater emphasis on
the installation of advanced instrumentation. As a
result, today LNG tanks are equipped with
intelligent tank gauges that measure the key
parameters such as level, temperature and density,
with high accuracy and provide real time data to
operators. The requirements for the design and
operation of LNG plants are governed by
international design codes which can specify the
equipment that is necessary to manage LNG
stratification. 

An area of development within the study of LNG
stratification is the growing trend for the use of
model prediction software for stock management.
These models are used for operator training and
design purposes, and in some instances to manage
the purposeful instigation of stratification as a
means to optimise BOG generation. 

This document also summarised the operating
practices for different LNG terminals for how they
manage LNG storage whilst preventing rollover.
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European foreword

This document (EN 1473:2016) has been prepared by Technical Committee CEN/l'C 282 "Installatìon
and equipment for LNG",the secretariat ofwhich is held by AFNOR.

This European Standard shall be given the status of a national standard, either by publication of an
identìcal text or by endorsement, at the latest by November 2016, and conflicting national standards
shall be withdrawn at the latest by November 2016.

Attention is drawn to the possibility that some of the elements of this document may be the subject of
patent rights, CEN [andjor CENELEC]shall not be held responsible for identifying any or all such patent
rights.

This document supersedes EN 1473:2007.

In comparison with EN 1473:2007, the following changes have been made:

the scope definition has been modified to cover interfaces and limits with floating solutions, plants
refurbishing, renovation and expansion, and to better complement EN 14620;

some requirements were revisited, such as tank containment types, new air vaporizer and sections
that were subject to questions from the 2007 version;

terms and definitions were adjusted to cope with new market development;

the normative references were updated.

According to the CENjCENELEC Internai Regulations, the national standards organizations of the
following countrìes are bound to implement this European Standard: Austria, Belgìum, Bulgaria,
Croatia, Cyprus, Czech Republic, Denmark, Estonia, Finland, Former Yugoslav Republic of Macedonia,
France, Germany, Greece, Hungary, Iceland, Ireland, Italy, Latvia, Lithuania. Luxembourg, Malta,
Netherlands, Norway, Poland, Portugal, Romania, Slovakia, Slovenia, Spain, Sweden. Switzerland,
Turkey and the United Kingdom.
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Introduction

The objective of this European Standard is to give functional guidelines for on-shore LNGinstallations.
It recommends procedures and practices that will result in safe and environmentally acceptabie design,
eonstruction and operation ofLNG plants.

lt need not be applied retrospectìvely, but applieation ìs recommended when major modifications of
existing installations are being considered.

This standard is also recommended for debottleneckìng, revamping and plant life extension in the limits
that will be defined by the local Authorities. The applianee of the European Directives to the existing
faeilities is part of the Iimits to be defined together with the loeai Authorities.

In case of plant expansion, this European Standard is applieabie for the new facilities. The application of
these recommendations for the tie-ins and connections to the existing faeilities will be defined by the
local Authorities. The limits of such application should eonsider the practicality of such appliance. In the
same way the limits of the European Direetives applianee will be aeeurately deflned with the loeal
Authorities.
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1 Scope

This European Standard gives guidelines for the design, construction and operation of all onshore
liquefied natural gas (LNG) ìnstallatìons for the lìquefactìon, storage, vaporization, transfer and
handling of LNG.

This European Standard is valid for plants with LNG storage at pressure lower than 0,5 barg and
capacity above 200 t and for the following plant types:

LNG liquefaction installatìons (plant), between the designated gas inlet boundary lìmtt, and the
outlet boundary limit which is usually the ship manifold andjor truck delivery station when
applicable; feed gas can be from gas field, associated gas from oil fìeld, pìped gas from
transportation grid or from renewables;

LNG regasification installations [plant], between the ship manifold and the designated gas outlet
boundary limit;

peak-shavìng plants, between designated gas inlet and outlet boundary limits;

the fìxed part of LNG bunkering station.

A short description of each ofthese installations is gìven in Annex G.

Floating solutions (FPSO, FSRU, SRV), whether off-shore or nearby shore, are not covered by this
European Standard even ìf some concepts, principles or recommendations could be applied. However,
in case ofberthed FSRUwith LNG transfer across the jetty, the following recommendations apply far the
jetty and topsìde facìlìtìes ìf the jetty is located within 3 000 m from the shore Iìne,

In case of FSUtype solution, the on-shore part is covered by these standard recommendations.

This standard ìs not applica bie for installations specifically referred or covered by other standards, e.g.
LNG fuelling statìons, LNG road or raìl tankers and LNG bunkering vessels.

The plants with a storage inventory from 50 t up to 200 t with tanks at a pressure higher than 0,5 barg
are covered by EN 13645.

2 Normative references

The following documents, in whole or in part, are normatively referenced in this document and are
indispensable far its application. Far dated references, only the edition cited applies. For undated
references, the latest edition ofthe referenced document (including any amendments) applies.

EN 809, Pumps and pump units far liquids - Common safety requirements

EN 1092-1, Flanges and their joints - Circular f1anges far pipes, va/ves, fittings and accessories, PN-
desiqnated - Part 1:Steelflanges

EN 1127-1, Explostve atmospheres - Explosion prevention and protection - Part 1: Basic concepts and
methodology

EN 1474 (ali parts) lnstallation and equipment for liouefied natural gas - Design and testing of
loadinglunloading arms

EN 1514·1, Flanges and their joints - Dimensions of gaskets for PN-designated flanges - Part 1: Non-
metallic flat gaskets with or without inserts

EN 1591 (a11parts), Flanges and their joints - Design rules for gasketed circular flange connections
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EN 1776, Gas infrastructure - Gasmeasuring systems - Functional requirements

EN 1991-1-2, Eurocode 1: Actions on structures - Part 1-2: Generai actions - Actions on structures
exposed tofire

EN 1992-1-1, Eurocode 2: Design of concrete structures - Part 1-1: Generai rules and rules for bui/dings

EN 1992-1-2, Eurocode 2: Design of concrete structures - Part 1-2: General rules - Structural fire design

EN 1993-1-1, Eurocode 3: Design of steel structures - Part 1-1: Generai rules and rules far buildinqs

EN 1993-1-2, Eurocode 3: Design of steel structures - Part 1-2: Generai rules - Structural fire design

EN 1994-1-1, Eurocode 4: Design ofcomposite steel and concrete structures - Part 1-1: Generai rules and
rules far buildings

EN 1994-1-2, Eurocode 4 - Design of composite steel and concrete structures - Part 1-2: Generai rules-
Structural fire design

EN 1997 (all parts), Eurocode 7: Geotechnical design

EN 1998-1, Eurocode 8: Design of structures for earthquake resistance - Part 1: Generai rules, seismic
actions and rules far bui/dings

EN 1998-5, Eurocode 8: Design of structures for earthquake resistance - Part 5: Foundations, retaininq
structures and qeotechnical aspects

EN 10204, Metallic products - Types ofinspection documents

EN 12065. Installations and equipment for liquefied natural gas - Testinq offoam concentrates designed
for generation of medium and high expansion foam and of extinguishing powders used on liquefied natural
qas fires

UNI EN 1473:2016

EN 12066, Installations and equipment for liquefied natural gas - Testing of insulatinp linings for
liquefied natural gas impounding areas

EN 12162, Liquid pumps - Safety requirements - Procedure for hydrostatic testing

EN 12308, Installations and equipment far LNG - Suitability testinq of naskets designed far flanged joints
used on LNG piping

EN 12434, Cryogenic vessels - Cryogenic flexible hoses

EN 12567, Industriai va/ves - Isolatinq valves for LNG - Specification far suitability and appropriate
verification tests

EN 13445 (ali parts), Unfired pressure vessels

EN 13480 (alI parts), Metallic industriaI piping

EN 14620-1:2006, Design and manufacture of site built, vertical, cylindrical,flat-bottomed steel tanksfor
the storaqe of refriqerated, liquefied gases with operatinq temperatures between O °C and -165°C - Part
1: GeneraI
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EN 14620 (ali parts], Design and manufacture of site bui/t, vertical, cylindrical, flat-bottomed steel tanks
jor the storage ofrefriqerated, liquejied gases with operating temperatures between O°Cand -165°C

EN 60079-0, Explosive atmospheres - Part O:Equipment - GeneraI requirements (/EC 60079-0)

EN 60079-1, Esplosive atmospheres - Part 1: Equipment protection by flameproof enclosures "d"
(lEC 60079-1)

EN 60079-2, Explosive atmospheres - Part 2: Equipment protection by pressurized enclosure "p"
(lEC 60079-2)

EN 60079-5, Explosive atmospheres - Part 5: Equipment protection by powder jilling "q" (TEC60079-5)

EN 60079-6, Explosive atmospheres - Part 6: Equipment protection by liquid immersion "0" (TEC60079-
6)

EN 60079-7, Explosive atmospheres - Part 7: Equipment protection by increased safety "e"(IEC 60079-7)

EN 60079-10-1, Explosive atmospheres - Part 10-1: C/assijication of areas - Explosive gas atmospheres
(lEC 60079-10-1)

EN 60079-10-2, Explosive atmospheres - Part 10-2: Classification of areas - Explosive dust atmospheres
(lEC 60079-10-2)

EN 60079-11, Explosive atmospheres - Part 11: Equipment protection by intrinsic safety "i"
(IEC 60079-11)

EN 60079-13, Explosive atmospheres - Part 13: Equipment protection by pressurized room "p"
(IEC 60079-13)

EN 60079-14, Explosive atmospheres - Part 14: Electrica/ installations design, se/ection and erection
(IEC 60079-14)

EN 60079-15, Explosive atmospheres - Part 15: Equipment protection by type of protection "n"
(lEC 60079-15)

EN 60079-17, Explosive atmospheres - Part 17: Electrical installations inspection and maintenance
(/EC 60079-17)

EN 60079-18, Esplosive atmospheres - Part 18: Equipment protection by encapsulation "m"
[IEC60079-18)

EN 60079-19. Esplosive atmospheres - Part 19: Equipment repair, overhaul and reclamation
(IEC 60079-19)

EN 60079-20-1, Explosive atmospheres - Part 20-1: Material characteristics for gas and vapour
clossification - Test methods and data (/EC 60079-20-1)

EN 60079-25, Explosive atmospheres - Part 25: Intrinsically saje electrical systems (/EC 60079-25)

EN 60079-26, Explosive atmospheres - Part 26: Equipment with Equipment Protection Level (EPL)
Go (TEC60079-26)
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EN 60079-27, Explosive atmospheres - Part 27: Fieldbus intrinsically safe concept (FISCO) (IEC 60079-
27)

EN 61508-1, Functional safety of electricaljelectronicjprogrammable electronic safety-related systems-
Part 1:Generai requirements (lEC 61508-1)

EN 62305 (all parts), Protection against lightning (IEC 62305)

EN [SO 1460, Metallic coatinqs - Hot dip galvanized coatinqs on ferrous materials - Gravimetrie
determination ofthe mass per unit area (ISO 1460)

EN ISO 1461. Hot dip galvanized coatinqs on fabricated iron and steel articles - Specifications and test
methods (ISO 1461)

EN ISO 3452-1, Non-destructive testing - Penetrant testing - Part 1: Generai principles (ISO3452-1)

EN ISO 9606-1, Qualification testing ofwelders - Fusion welding - Part 1: Steels (ISO 9606-1)

EN ISO 9712, Non-destructive testinq - Qualification and certtfication of NDT personnel (ISO 9712)

EN ISO 10456, Building materials and products - Hygrothermal properties =Tabulated design values
and procedures for determining declared and design thermal values (ISO 10456)

EN ISO 10497, Testing ofvalves - Fire type-testinq requirements (ISO 10497)

EN ISO12944 (ali parts), Paints and varnishes - Corrosion protection of steel structures by protective
paint systems (ISO 12944)

EN ISO13709, Centrifugai pumps for petroleum, petrochemieal and natural gas industries (ISO13709)

EN ISO 15607, Specification and qualifieation of welding procedures for metallic materials - Generai
rules (ISO 15607)

EN ISO 15609-1, Specification and qualification ofwelding proceduresfor metallic materials - Welding
procedure specification - Part 1:Are welding (ISO 15609-1)

EN ISO 15614-1, Specification and qualification ofwelding proceduresfor metallie materials - Welding
procedure test - Part 1:Are and gas welding of steels and are welding of nickel and nickel alloys (lSO
15614-1)

EN ISO 16903, Petroleum and natural gas industries - Characteristics of LNG, influencinq the design. and
material selection (ISO16903)

EN ISO 17636-1, Non-destructive testing of welds - Radioqraphic testinq - Part 1:x- and qamma-ray
tecbniques with film (ISO 17636-1)

EN ISO 17636-2, Non-destructive testinq ofwelds - Radiographie testing - Part 2: X- and gamma-ray
techniques with digitai detectors (ISO 17636-2)

EN 150 17637, Non-destructive testing ofwelds - Visual testing offusion-welded joints (150 17637)

EN ISO 17640, Non-destruetive testing of welds - Ultrasonie testing - Techniques, testing levels, and
assessment (lSO 17640)
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EN ISO 28460, Petroleum and natural gas industries - Installation and equipment for Iiquefied natura/
gas - Ship-to-shore interface and port operations (ISO28460)

HD 60364-5-54, Low-voltage electrical installations - Part 5-54: Selection and erection of electrical
equipment - Earthing arrangements and protective conductors (IEC 60364-5-54)

IEC/TR 60079-16, Electrical apparatus for explosive gas atmospheres - Part 16: Artificial ventilation for
the protection ofanalyser(s) houses

3 Terms and definitions

For the purposes of this document, the following terms and definitions apply,

3.1
abnormal operation
operating conditions such as plant trip, the production and disposal of off-spec products and also
operation with production equipment failed or on maintenance are modes of abnormal operation and
are not accidental events

3.2
accidental event
event that arises from an uncontrolled or unplanned situation with safety and/or environmental
consequences

3.3
boundary
property line on land or water inside which the operator/owner has full control and authority, or
exclusive use

3.4
bund or bund wall
raised impermeable structure, able to withstand the static pressure and temperature of the spilled
liquid, around the perimeter of an ìmpounding area for the confinement of hydrocarbon spills, usually
associated with storage areas

3.5
condensate
hydrocarbon lìquìds (liquid state at standard conditions) produced from primary separation of natural
gas from a reservoir

Note 1 to entry: Natural gas condensates consist prìmartly of pentanes and heavìer components, although
quantìties of pro pane and butane may be dissolved within the mixture.

3.6
primary container
container in continuous contact with LNG,i.e.:

the cryogenic container ofthe single containment tank;

the cryogenic container of the spherical tank;

the cryogenie container of the double containment tank;

the 9% Ni-steel self-supporting container;
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the concrete self-supporting container;

the cryogenic membrane ofthe membrane tanks

3.7
secondary container
container in contact wìth LNGonly in the event of a failure of the primary container ì.e.:

the bund walls for single and double containment tanks and spherical tanks;

the outer container of full containment 9 % Nì-steel tanks, or membrane tanks or cryogenic
concrete tanks

3.8
conventional onshore LNGterminaI
LNG export or receiving terminaI that ìs located on-shore and has a marine transfer facility far the
loadìng or unloading of LNGcarriers

Note 1 to entry: The transfer facility is located in a harbour or other coastal location and consists of a fixed
structure, or wharf, capable of withstanding the berthing loads of a fully laden LNGcarrier of a given specification
and mooring the vessel safely alongside. The structure ìs connected to the shore by a trestle, tunnel or other
means, facilitating the LNG transfer and ancillary servìces and providing safe access and egress far personnel
performing maintenance or operational duties.

3.9
Operating Basìs Earthquake
OBE
maxirnum earthquake for which no damage is sustained and restart and safe operation can continue

Note 1 to entry: This higher probabilìty event would result in no commercialloss to the installation and public
safety ìs assured.

3.10
Safe Shutdown Earthquake
SSE
maximum earthquake event for which the essential faìl-safe functions and mechanisms are designed to
be preserved

Note 1 to entry: Permanent damage can be expected of this lower probability event, but without the loss of
overaU integrity and containment. The installation would not remain in contìnuous servìce without a detailed
examination and structural assessment at the ultimate limit state.

3.11
Emergency Shut Down (ESD)system
system that safely and effectively stops the whole plant or individuai units to minimize incident
escalation

3.12
fire area
an area of the plant delimited by physical boundaries or separations from other fire areas by
boundaries such as site roads

Note 1 to entry: Multiple trains in a large plant are each a fire area. Different processìng units each separated by
plant roads are individuaI fire areas. A fire area is often seIf-defining in that it may be a single plant unit, a storage
or utility area or a separate operating area such as a road tanker loading bay.
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Note 2 to entry: Tbe typical firewater ring main routeing often encloses each fire area.

Note 3 to entry: Pipe racks joining plant areas are not considered to affect fire area constderatìons,

3.13
fire zone
an area of the plant or process system within a fire area that requires to be isolated by ESDVs in the
event of a fire to contrai and minimize the fire event, or in the event of a process upset or malfunction to
minimize the extent of the process upset

3.14
flammable gases
gas or vapour which, when mixed with air in certain proportions, will form a combustible gas mixture

3.15
FLNG

floating liquefaction unit producing LNG, which will treat gas, process it to make LNG as a main
productìon, stare and unload LNGto a LNGcarrier

3.16
FPSO
in LNGbusiness, alternate word for FLNG

3.17
frequency
number of occurrences per unit of time

3.18
FSRU
floating storage regasification unit

3.19
FSU
floating storage unit

3.20
goldenweld
weld that cannot be pressure tested due to its nature or location and that consequently will be
subjected to a high levei of non-destructive examination to prove that it ìs safe

3.21
hazard
property of a dangerous substance or physical situation with a potential for creating damage to human
health and/or to environment-I

3.22
impounding area
area where spills from liquid hydrocarbon storage containers may be confined or controlled, close to
the source ofleakage

1) Refer to European Directive [Councìl Directive 2012/18/EC on the control of major-accìdent hazards involving
dangerous substances].
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3.23
impounding basin
container within or connected to an impounding area or spill collection area where Iiquid hydrocarbon
spills can be collected and safely confined and controlled

3.24.1
SLS
serviceability Iimit state (SLS), which is determined on the basis of criteria applicable to functional
capability or to durability properties under normal actions

3.24.2
ULS
ultimate limit state (ULS), which is determined on the basis of the risk of faìlure, large plastic
displacements or strains comparable to failure under augmented actions

3.25
Liquefled Natura] Gas
LNG
LNG(Liquefied Natural Gas) is defined in EN ISO 16903

UNI EN 1473:2016

3.26
LNGbunkering station
LNGstatìon where LNG is brought by road, rail, sea, cryogenic pipe from a neighbouringterminal, and
delìverlng LNGto ships using LNGas a marine fuel

Note 1 to entry: Delivery of the LNGcan be done by road, sea or by fixed dispenser along the jetty.

3.27
LNGIiquefaction plant
site at which natural gas coming by pipe from one or several gas producing fields or other sources is
liquefied then stored far subsequent transport, normally by sea, to other destinations

Note 1 to entry: It has marine facilities for the transfer ofLNG and can have loading stations for road, rail, barge
or small LNGcarriers.

3.28
LNGpeak-shavìng plant
plants connected to a gas network and that ìs used to balance the gas demands

Note 1to entry: During the period of the year when gas demand is low, natural gas is liquefied and stored. LNG
may be vaporized for short periods, when gas demand is high.

3.29
LNGreceiving terminai
site where LNG carriers (ships) are unloaded, and where LNGis stored in tanks, vaporized and sent to
the gas networks or gas consumers

Note 1 to entry: It has marine faciliti es for the transfer of LNG and can have loading stations for road, raìl, barge
or small LNGcarrìers,

3.30
LNG satellite plant
small LNGplants where LNGis supplied by road tankers, raìl, barge or small LNGcarriers

Note 1 to entry: LNGis stored in lnsulated pressure vessels, vaporized and sent to the network.
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3.31
Natural Gas Liquid
NGL
liquid composed of light hydroearbons (typically ethane through hexane plus) condensed from the
natural gas prior to its Iiquefaction

3.32
normal operation
operation including intermittent operation such as ship loading or unloading, start-up, maintenance,
planned shutdown and commissioning

3.33
operatorfoccupier
company responsible for the operation of the installation

3.34
owner
company responsible for the safe design and construction of the installation

3.35
PASQUILLatmospheric stability factors
factors that are determined as a function ofthe wind speed and solar radiation (see [1])

Note 1to entry: The six factors are:

A: extremely unstable;

B: moderately unstable;

c: lightly unstable;

D: neutral;

E: lightly stable;

F: moderately stable.

3.36
probability
number in a scale from Oto 1 which expresses the likelihood of an event oceurrence

3.37
PSD(Process Shut Down) system
system that safely and effectively stops individuai units within the plant for process reasons

3.38
risk
combination of the eonsequence and the frequency of a specific hazard oeeurring within a specified
pericd under specified circumstances

17
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3.39
Safety Management System
management process which defines and monìtors the organizational structure, responsìbilìtìes,
procedures, processes and resources for determining and implementing the major accident prevention
policy2)

3.40
SIL
Safety Integrity Level required of a safety related system in terms of EN 61508

3.41
spill collection area
area at LNG production or transfer areas where leakages can be confined or controlled, often by the use
of kerbing andjor controlled sioping ofpaved areas

3.42
SRV
shuttle regasification vessel

3.43
tank
equipment item in its entirety for the storage of LNG

Note 1 to entry: The different types of tank with pressure < 0,5 bar are described EN 14620 or are shown in
AnnexH.

3.44
transfer area
area containing a piping system where flammable liquids or gases are introduced into or removed from
the piant or where piping connections are connected or disconnected routinely

3.45
validated model
mathematicai model, the scientific basis of which is accepted to be sound and is proven to provide
mathematical outputs to the relevant mathematical problem, and is shown to cover the full range of
usage of the modei and which has been calibrated or checked using realistic test data or results

3.46
ventstack
elevated vapour disposal system far the safe dispersion of vapour releases from the piant

Note 1 to entry: Reference [3] requires that the vent be designed with the assumptìon that it could become
ignited and cause damage or injury due to thermaI radiation.

4 Safetyand environment

4.1 Generai

The design, procurement. construction and operation phases should all be implemented in accordance
with the requirements of the Quality, Health, Safety and Environment management systems.

2) Refer to European Directive [Councll Dìrective 2012j18/EC on the control of major-accìdent hazards involving
dangerous substances].
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Furthermore, eaeh phase shall be controlled by an acceptable Safety Management System.

In case of plant expansion or debottlenecking, the environmental and safety impacts shall be appraised
in accordance with the following recommendations. The potential consequences shall be analysed with
regard to the current IDeaIregulations.

In case of revamping for life extension, the environmental and safety impacts shall be appraised in
accordance with the following recommendations. The appliance of the current local regulatìons, and the
extent of such applìance, shall be agreed upon with the IDeaIauthorities.

In case of revamping without life extension and without debottleneckìng, the principle of non-
retroaetivity shall prevail.

4.2 Environmental impact

4.2.1 Environmentallmpact Assessment

During the feasibility study phase ofthe project, a preliminary Environmental Impact Assessment (EIA)
shall be carri ed aut for the proposed location in accordance with loeal regulations. Consideration should
be given to formally reeording the base line site environmental characteristìcs.

When the sìte has been selected, a detailed EIA shall be carried out.

AlI emissions from the plant, that is, soltd, lìquìd (including water), and gaseous (including noxious
odours) shall be identified and measures taken to ensure they will not be harmful to persons, property,
animals or vegetation. This applies not only to normal, but also to accìdental emissions.

During or prior to operation an effluent management procedure shall be established. The precautions
for handling toxic materials shall be identified and be regularly updated by the operator joccupier.

The environmental impact due to construction and operation shall also be assessed and undesirable
levels of activitìes shall be eliminated or minimized and restricted. The following checklist covers the
mainitems:

inereased population, permanent and temporary;

increased road, rail and ship traffie;

increased noìse levels, sudden and intermittent noise;

increased vibration levels, sudden and intermittent;

increased night workìng, effect of lights and their interrnittent use;

flaring, intermittent andjor continuous;

warming or cooling ofwater.

4.2.2 Plant emissions

During the design, plans shall be developed to eliminate. minimize or render harmless ermssions
resulting from commissioning tests, operations and maintenance activìtìes, and shall set targets for
quantities and concentrations ofpollutants in emissions.

4.2.3 Emission control

The following shall be safely controlled:

- combustion products;
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normal or accidental venting of gas;

normal or accidental flaring of gas;

disposal of acìd gas removal solvent;

disposal of spent mercury removal reactant (as the demercurization process is not regenerative, it
is necessary to store and tben treat the used absorbent mass or have it remaved by a licensed waste
disposal contractor);

oily water condensed during dryer regeneration or from machines;

in the case of water cooled equipment, hydrocarbon contamination of cooling water from leaking
exchanger tubes;

disposal ofwaste products (including waste oil and chlorinated organic compounds);

vaporizer water;

odourant chemicals.

4.2.4 Flare/ventìng philosophy

Plants are to be designed around the principle of no continuous flaring or venting. Provisions should be
taken during design and operation to ensure that potential gas waste streams, wherever practically
possìble, are recovered and not routed to flare or vent during the normal operation of the plant.

4.2.5 Noise Controi

The design of the plant shall consider the effects of noise on people wìthìn the plant exposed to noise
and the effect of noise on any community surrounding the plant,

It is recommended that the noise design procedure ofthe plant should comply with ISO 15664.

4.2.6 External traffie routes

External traffic routes near to the LNG plant shall be lìsted in EIA, stating the volume and nature of
present traffic and also any foreseeable development caused by the plant, In partìcular, the following
shall be examìned:

overland routes (roads, railways);

navigable routes (sea or rìver routes, canals);

air routes and the proximity of airports and aerodromes.

4.2.7 Water diseharge

The impact ofwater discharges shall be studied (temperature, currents, winds, etc).

4.3 Safety generai

4.3.1 Safety philosophy approaeh

LNGinstallations shall be designed to provide generally accepted levels ofrisk (see Annex K) for life and
property outside and inside the plant boundaries. In order to ensure this high level of safety in tbe LNG
faciliti es and its surroundings, safety shall be considered throughout all the project development
phases: engineering. construction, start-up, operation and decommissioning. In particular, hazard
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assessments, see 4.4, shall be carried out and the required safety measure irnplemented to ensure
acceptable risk levels.

ISO/TS 16901 gives iterns to be covered by the QRA (in complement to here after subclause 4.3 items)
and an approach to address the potentiai scenarios, their probability of occurrence and the
consequence analysis.

4.3.2 Installation and its surroundìng

4.3.2.1 Description ofthe installation

A functional description of the installation shall be written by plant area and/or by process function, for
use in the safety assessment.

4.3.2.2 Site study

The site study shall include, where appropriate:

a soìl survey;

a study of terrain to enable the dispersion of liquid and gas clouds to be assessed;

a study ofvegetation to enable, in particular, vegetation fire risks to be identified;

a study of ground water tables;

a study to identify sources of stray electrìcal currents (e.g. those emanating from high voltage
power lìnes, railways);

a study of the marine aquatic environment and marine access;

a study of sea water quality and temperature;

a study oftidal conditions;

a study of shock waves and flooding [tsunamì, failure of dams, etc.);

a survey of the surrounding infrastructure (e.g. industriaI sites, built up areas, communications);

manoeuvring areas, safety distances whilst a LNGcarrier is in transit within the port and at berth
(see Clause 5 and EN ISO 28460).

The soil survey shall include:

the geotechnìcal survey that will enable the geo-mechanical characteristics of the subsoil to be
defined;

the geological and tectonie investigation.

The geological characteristics of the region shall be investigated in sufficìent detail to provide a clear
understanding of the physieal processes that formed the area, as well as the potential for the future
seismic activity.

A more specific survey shall be done on the site and its vicinity to detect the presence of karst, gypsum,
swelling days, soluble salt deposìts, soilliquefaction, mass movement etc. and their relative impact shall
be evaluated.

UNI EN 1473:2016
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Such phenomena are not allowed under the tank andjor equipment foundations unless it can be proved
that appropriate measures have been undertaken to overcome the potential problems.

4.3.2.3 Climatology

The climatic study shall include the following points:

wind strength and direction including frequency and strength of severe storms;

temperatures;

atmospheric stability;

range and rate of change ofbarometric pressure;

rainfall, snow, icing;

corrosive eharacteristic ofthe air;

rìsks of flooding;

frequency of lightning strikes;

relative humidity.

Climate change will be analysed as part of other investigations that may be required by the local
conditions.

4.3.2.4 Seismology

An earthquake is defined by the horizontal and vertical accelerations ofthe ground. These accelerations
are described in accordance with EN 1997 (ali parts) and EN 1998 by:

their frequency spectrum;

their amplitude.

A site-specific earthquake analysis shall be performed. This shall include assessments of the risks of
earthquake, tsunamìs, landslìdes and volcanic activities. This analysis shall be presented in a Seismìc
Report where geological and seismic characteristics of the location of the facility and the surrounding
regio n as weli as geo-tectonìc information shall be taken into account. As a eonclusion, this report shall
define all seismic parameters required far the design.

The size of the region to be investigated depends on the nature of the area around the site and the
geological and tectonic conditions resulting from the soil survey, see 4.3.2.2. Generally, it is limited to a
distance less than 320 km from the site, but in some instances it can include an entire tectonie province,
larger than the above (see [22] for the principle). In this context, the investigations shall be extended
down to a depth equal to at least twice the diameter of the structure or a coextensive circular
foundation surrounding the same area as the structure.

A second level of analysis shall be made on the regio n within the 80 km from the site (regional seismo-
tectonic investigation) with the aim of detecting the presence of any active geological faults (see [23]).

These investigations involve thorough research, review and evaluatìon of all historically reported
earthquakes that have affected, or that could reasonably be expected to have affected the site.
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In case of seìsmìc faults in the immediate vicinity of the site, further investigations shall be conducted to
estimate their possible actìvìty, Faults for which inactivity cannot be confirmed are not allowed inside
the sìte or within a distance to be determined from the soil morphology.

For details of the seismic investigations, surveys, analysis and format of response spectrum, reference is
made to EN 1997 (ali parts), EN 1998-1 and EN 1998-5.

The geologìcal, tectonic and seismologìcal studi es help to establish:

the safe shutdown earthquake (SSE);

the operating basis earthquake (DBE).

These shall be established:

probabilistically. as those that produce ground motions with the mean recurrence as a minimum
interval of 5000 years far the SSEand 475 years for the DEE,andjor,

deterministically, assumìng that earthquakes which are analogous to maxìmum historically known
earthquakes are liable to oceur in the future with an epicentre position which is the most severe
with regard to its effects in terrns of intensity on the site, while remainìng compatibie with
geological and seismic data.

NOTE Both OBE and SSE define specìflc performance limits for seìsmìc events of increasing severity for
systems as defined in 4.5.2.2.

4.3.2.5 Location

During the feasibility study phase of the project site location assessments shall be carried out to ensure
the suitability of the Iocation options with regards to adjacent development The assessment shall as a
minimum consider the following:

residential development;

retail and leisure developments;

sensitive deveIopments [schools, hospìtals, retirement hornes, sports stadium, etc.);

industriaI developrnent;

transportation infrastructure.

When the site has been seIected, a detailed site Iocation assessment shall be carri ed out. The Iocation
assessment methodology and scope shall have regard for the proposed inventory of hazardous material
contained on the plant and the presence and scale of adjacent exìstìng and identified future
developments, whilst being in conforrnance with Iocal and national regulatory requirements.

It is recommended that:

the assessment is updated on a regular basis and when major modifications or changes take pIace;

the development around the plant is controlled to minimize the subsequent incompatible
development.

Guidance for the probabilistic assessment acceptance criteria of site Iocation are presented in Table K.2.
These minimum acceptance criteria can be adopted in the event that no such criteri a exist in the
country where the plant is to be built.
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4.4 Hazard assessment

4.4.1 GeneraI

A hazard assessment shall be carri ed aut during the design of the plant and it is also recommended if a
major modification or change takes piace.

The following methodology and requirements see annexes that show examples of frequency ranges,
classes of consequences and levels of risks, However, there is a variation in national and company
aeceptanee crìterìa and the examples given in the informative Annexes I, J and K should be eonsidered
as minimum requirements. If more stringent local or national requirements exist they shall supersede
these minimum requirements.

4.4.2 Assessment

4.4.2.1 Methodology

The methodology ofthe hazard assessment can be deterministic andjor probabìlìstìc,

The deterministic approaeh consists of:

list of potential hazards of external and internai origin;

establishment of eredible hazards;

deterrninatìon of the consequences;

justifieation of the necessary safety improvement measures to limit the consequences.

The probabilistic approach eonsists of:

list of potential hazards of external and internai origin;

determination of the consequences of each hazard and their allocation into classes of consequence
(an example is given in Annex J);

collectionjinput of failure rate data;

determination ofthe probability or frequency of each hazard;

summation of frequency for all hazards within any one allotted consequence class and classify the
frequency range far that consequence class (an example ìs gìven in Annex I);

classification of hazards in accordance with their consequences class and frequency range, in order
to determine the level of risk (an exam pIe is given in Annex K).

In the event that the risk determination indicates "Unacceptable Rìsk" levels (for example, risk level 3 of
Annex K) the plant design or operating practiees shall be altered and the assessment repeated until
such time that no such "Unacceptable Rìsk" levels exìst, In the event that the risk determination
indicates normal, acceptable, risk levels (far example, risk level 1 of Annex K) no further action is
considered necessary. Far risk leveIs determìned as requiring further reduction (far example rìsk level
2 of Annex K) additional safety measures should be considered to limit the risk to as low as reasonably
practìcable.

The hazard assessment can be based on conventìonal methods such as:

- hazard and operability study (HAZOP);
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failure mode effect analysis (FMEA);

event tree method (ETM);

fault tre e method (FTM).

The hazard assessment procedure should be carried out during ali stages of the design processo
Implementation durìng the early stages of a project or design modification is recommended, this allows
unacceptable designs to be improved in the most cost effective manner.

The probabilistic assessment minimum acceptance criteria given in Table K.l are based on risk to
personnel inside the plant boundary. Comparable categories far mass of hydrocarbon released are also
given far guidance in Annex J. Alternative risk assessment methods can be used to assess the suitability
of the plant design, typically business and hazardous incident escalation risk assessments. However, as
a minimum personnel risk should be assessed and verified as acceptabie during the plant design and
following major modifications.

Risk analysis and its conclusions should not compromise good engineering practices.

4.4.2.2 Identification of hazards of external origin

Studies should be undertaken to identify hazards arising from outside the plant. Such hazards can be
caused by:

LNGcarriers approaching the berth at excessive speed or angle;

the possibility of collision with the jetty and/or LNGcarrier at berth by heavy displacement vesseis
passing the berth (see [23]);

the ìmpact of projectiles and consequences of collision (shìp, truck, piane, etc.);

naturai events (lightning, floodìng, earthquakes, tidal bores, icebergs, tsunamìs, etc.);

ignition by high energy radio waves (see [25]);

proximity of airport and/or flight-paths;

a "domino effect" resulting from fires and/or explosions at adjacent premises;

flammable, toxic or asphyxiant drifting gas clouds;

permanent sources ofignition, such as high voltage power lines (corona effect);

25

the proximity of the site to any external uncontrolled sources of ignition.

4.4.2.3 Identification ofhazards ofintemal orìgìn

4.4.2.3.1 Hazard arising from LNG

Loss of containment of LNGand of natural gas shall be considered for alI items of equipment including
the loadìng or unloading of road tankers or LNG carriers. To simplify the study, scenarios may be
established.

These scenarios shall be defined in terms of:

the probability or frequency of the hazard;

the location of the leak;
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the nature ofthe fluid (LNGor gas, specifying the temperature);

the rate and the duration ofthe leakage;

the weather condìtìons (wind speed and direction, atmospheric stability, ambient temperature.
relative humidity);

the thermal properties and the topography of the ground (including any impounding area);

the proximity of structural steelwork that may be susceptible to brittle failure due to low or
cryogenic temperatures. Under certain circumstances when quantities of LNG have been
introduced into water, over-pressurization without combustion has been known to occur; this
phenomena is referred to as a Rapid Phase Transition (RPT). Refer to EN ISO 16903 and see [33]
and [34].

In partìcular, the scenarios to be considered for various types ofLNG tanks are listed in Table 1.

Table 1- Scenario to be considered in the hazard assessment as function oftank types

Type of tank containment d
AlI metallic or only with metallic Prestressed concrete (including

roof reinforced concrete roof]

Single containment a

Double containrnent b

Full containrnent b c

In-ground b c

Scenarios to be considered:

a In case of collapse ofthe tank prìmary container, fire pool sìze corresponds to the impounding area .
b In case of collapse of the tank roof, the fire pool size corresponds to the secondary container.
c Roof collapse ìs not considered for these tank types except if it ìs spedfied in risk analysis.
d For definition, see 6.3.

4.4.2.3.2 Hazards which are not specific to LNG

The following causes ofhazards that are not specific to LNGshall be considered:

LPGand heavier hydrocarbon storage;

simultaneous loadings on multi-product jetty;

poor communication between ship and shore;

traffie within the plant both during construction and operation;

leakage of other hazardous substances, in particular flammable refrigerant;

missiles originating from explosion;

pressurised and steam raising equipment;

fired heaters and boilers;
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rotating machinery;

utilities, catalysts and chemicals [fuel oll, lubricating olls, methanol, etc.);

pollutants found in the feed gas ofliquefaction plants;

electrical installations;

harbour installations associated with the LNGplant:

security issues (e.g. intrusion, sabotage);

accidents during construction and maintenance;

escalation of accidents.

4.4.2.4 Estimation ofprobabilities

The estimation of the probability associated with a given hazard, where utilised, shall be based on
relìable data bases available in publìc domain and which are suitable for the LNG industry or on
recognized methods as in 4.4.2.1 which will determine the frequency range for this hazard (see
Annex I). The human factor shall be taken into account.

4.4.2.5 Estimation of consequences

4.4.2.5.1 GeneraI

The consequences of each scenario as defined above will depend on the characteristics of LNG and
other phenomena described EN ISO 16903. For the hazardous characteristics of fluids other than LNG
reference shall be made to their Material Safety Data Sheets.

4.4.2.5.2 Evaporation of spilled LNG

The phenomenon of instantaneous vaporization (flash, including possible aerosol formation) shall be
taken into account.

Calculation of evaporation due to heat transfer shall be carried aut using appropriate validated models.

The model shall take the following into account:

LNGflow rate and duration;

LNGcomposition;

nature ofthe ground (thermal conductìvìty, specific heat, density, etc.);

temperature of the ground or of the water;

atmospheric conditions (ambient temperature, humidity, wind velocity);

atmospheric stability or temperature gradient.

The model shall enable the following to be determined:

pool propagation speed;

wetted area in terms of time, and, in partìcular, the maximum wetted area;
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- rate of evaporation in terms of time and, in partìcular, the maximum evaporation rate.

4.4.2.S.3Atmospheric dispersion ofLNG vapours

Calculation of the atmospheric dispersion of the cloud resulting from evaporation of LNG due to flashing
and evaporation when in conta et with the ground or water shall be carried out using appropriate
validated models,

The determination of dispersion shall, as a minìmum, take into account:

the diameter of the evaporating pooI;

the evaporation rate;

properties of the vapour;

the nature ofthe ground (thermal conductivity, specific heat, density, etc.);

the temperature ofthe ground orwater;

the atmospheric conditions (ambient temperature, humidity, wind speed);

atmospheric stability or temperature gradient;

site topography (surface roughness, etc.).

The atmospheric dispersion simulation shall be based on the combination of wind speed and
atmospheric stability that can occur simultaneously and result in the longest predictable downwind
dispersion distance that is exceeded less than 10 % ofthe time.

If no other information is avaìlable, the following atmospheric condition shaìl be considered: F
(PASQUILL) atmospheric stability or equivalent temperature gradient, for a wind of 2 m/s and a
relative humìdìty of 50 %.

The model shall enable the determination of:

concentration contours;

the dìstance to the lower flammability limit.

4.4.2.5.4 Jet release ofnatural gas or LNG

Calculation of atmospheric dispersion resulting from jet release sha11be carried out using appropriate
validated models to determine as minimum, the height or the distance reached by the jet and the
concentration of gas at any given point.

Sources of jet releases should include releases from atmospheric safety valves, un-ìgnìted flare and
vents. Where appropriate it shall consider possible aerosol formation.

4.4.2.5.50ver-pressure

The ignition of natural gas can create in certain circumstances (e.g. congested areas) an explosion
generating an over-pressure wave. The f1ammability range of mixtures of gas and air is given in
EN ISO16903.

Recognized methods and rnodels, for example the multi energy method (see [5]) and/or deflagration at
constant speed method (see [6]) which have been validated can be used to calculate the over-pressure.
Thìs over-pressure should be specified where applicable for equìpment, buildings and structures.

28

UNI EN 1473:2016



ICARO SRL
UNlstore ~2016 ~389043

EN1473:2016 (E)

Where over-pressure on a tank, equipment ìtem, building or structure is specìfìed, it shall always be the
ìncomìng wave characterìstìcs, In this case it may be assumed that a deflagrating explosìon near the
tankgives rise to an over-pressure that is applìed, as a worst case assumption, to a halfperimeter ofthe
tank, The stresses in the tank caused by over pressure shall be determined by dynamic calculation. For
the other structures, the stresses may be determined by stati c calculation.

The effect of potential over-pressure under elevated tank basis due to the ignition of a flammable
mixture under the tank shall be considered.

The effects ofwave reflection on the objects shall be the responsibility ofthe supplier.

4.4.2.5.6 Radiation

Calculation of the radiation caused by ignition of the vapour from a pool or jet of LNG or release of
natural gas shall be carried out using appropriate validated models.

The mode1 shall take the following into account:

area of the pool fire or the dimensions of the flame;

surface emissive power ofthe pool fire or ofthe flame (see EN ISO 16903);

ambient temperature, wind speed and relative humidity.

The radiation calculation shall be based on the combination of wind speed and atmospheric conditions
that can occur simultaneously and result in the highest predictable radiation that is exceeded less than
10 % percent of the time,

lf no other information is available the following atmospheric condition shall be considered: a wind of
10 m/s and a relative humidity of 50 %.

The model shall enable the determination of the incident radiation at various distances and elevations.
4.4.3 Safety improvement

Where the hazard assessment demonstrates that threshold values defined in Annex A are exceeded or
shows that the level of risk requìres improvement (see Annex K), measures shall be taken, as for
example:

setting up a safety system which allows early detection of a leak and limitation of the consequences
ofignitions (see 4.5 and Clause 13);

increasing the dilution of the flammable cloud;

elimination ofpotential sources ofignition inside a flammable doud;

reducing evaporation rates through minimization of heat transfer;

reducing heat radiation by water curtaìns, deluge systerns, foam or insulation;

reducing vapour dispersion distance by warming the cloud by the use of foam or spraying;

increasing spacing between equipment;

protection of the installation against blast;

alarm systems such as break-glass units, telephones, paging systems, dosed circuit television and
sirens.

29
UNI EN 1473:2016



ICARO SRL
UNlstore· 2016 - 389043

EN1473:2016 (E)

4.5 Safety engineering during design and construction

4.5.1 Introduction

During engineering and construction, the safety shall be continuously scrutinized to guarantee the
appropriate safety levei with regard to tbe hazard assessment.

The safety management during design and construction shall include design considerations and
continuous reviews as outlined respectively in 4.5.2 and 4.5.3.

4.5.2 Design

4.5.2.1 Common safety design features

4.5.2.1.1Equipment and piping design for low temperature

Design pressures and temperatures of piping and equipment shall be selected to cover all anticipated
operation and upset conditions. Suitable materials are listed in EN ISO 16903.

The stresses in pipe-work and equipment are affected by contractionjexpansion phenomena due to
temperature changes, the possibility of therrnal shock and the method of insulation. Physical
phenomena such as: liquid hammer, cavìtatìon, flashing and two-phase flow shall be taken into
consideration. The recommendations of Clause 9 are applicable. It is recommended that the main pipes
are maintained in a cold condition, e.g. by circulating of LNG,line weathering.

4.5.2.1.2Hazardous area classifications

AlI installations shall be subjected to a hazardous area analysis (see [12] and [13]). The terms of
reference far such an analysis shall be laid down in accordance with EN 1127-1 and EN 60079-10-1 and
EN 60079-10-2.

The form and the extent of each zone may differ slightly depending on the national or professional code
used but shall be in line with the metbodology set forward in EN 60079-10-1 and EN 60079-10-2.
Consideratìon shall be given to EN ISO 28460 for the jetty, particularIy for the hazardous zones
generated when the LNGship is alongside.

The selection of equipment for use in particular locations shall be determined from the hazardous zone
classification ofthese locations in accordance with EN 1127-1 and EN/IEC series (parts Oto 25).

4.5.2.1.3 Internai over-pressure protection

Safety devices shall be provided to cover a11ìnternal over-pressure risks including those due to fire.

It is recommended that the discharges from conventional safety devices (safety valve s, relief valves) are
routed to the flare/vent system or tbe storage tank. Tank and vaporiser safety valve releases, if not
routed to the flarejvent systems, should be routed to a safe location as defined by hazard assessment.

If low and high pressure releases are routed to the same system, the risk of excessive back pressure
shall be avoided. If excessive back-pressure could occur in low pressure release system due to high
pressure release, then separate flare/vent systems may be considered for high and low pressure
releases.

4.5.2.1.4 Emergency depressurizing

It is recommended that a depressurizing system is provided.

The intentìon ofthis measure is to:

reduce the ìnternal pressure;

reduce the effect of leakage;
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avoid the risk of faìlure of LNG, hydrocarbon refrigerant or gas filled pressure vessels and piping
from external radiation.

Devices far depressurizing high pressure equipment shall allo w the pressure of one or more item of
equipment to be reduced quickly (see [3]). These gases shall be sent to the flare system which shall be
capable of handling the low temperatures generated during depressurizing.

Isolation valves, activated from a control room or other remote location or automatically, shall be
provided so that the unit can be isolated into several sub-systems and where it is required to isolate
sensitive equipment. This will make it possible to depressurize only one part of the plant, while limiting
the entry ofhydrocarbons into a fire containing zone.

4.5.2.1.5 Safety control system

A safety control system (see Clause 14) shall be provided to identify, inform and react appropriately to
hazardous events. The safety control system shall be independent of the process control system and
identify the hazard and, were appropriate, automatically bring the plant to safe conditions.

4.5.2.1.6 Inherent safety

The inherent safety protection shall be provided to:

contain LNG spills within the fence, and minirnize the credible scenarios where there could be the
risk that vapour clouds spread beyond the plant periphery fence;

minimize the possibility of a fire in any one area of the plant spreading to another area;

minimize damage in the immediate area of a fire by the use of separation distances, minimizing the
hydrocarbon inventory feeding a possible fire (by segregating the plant in different fìre-zones, by
isolation valves).

The inherent safety is to be encouraged over the use of complex systems.

Inherent safety protection measures are detailed in 13.1.

4.5.2.1.7 Passive fire and embrittlement protection

The passive fire and embrittlement protection shall be provided to:

protect equiprnent and main structural supports from localized fire incident mìnimizing escalation
and endangerment of emergency response personnel;

protect the main structural members from cold-splash brittle failure and resulting overall collapse.

Passive protection measures are detailed in 13.2.

4.5.2.1.8Active fire protection

Equiprnent and or systems shall be provided to control and fìght the emergency situations.

These equipment itemsjpackages and systems are descrìbed in 13.6.

4.5.2.1.9Additional LNG plant safety measures

Leaks of LNG and hydrocarbon liquids such as Natural Gas Liquid (NGL) and refrigerants produce
flammable vapour clouds denser than air. The plant shall therefore be designed to eliminate or
minimize the quantity and probability of accidental and planned emissions of these fluids.
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This shall be achieved by using a Safety Management System during design, procurernent, fabrication,
eonstruction and operation of the plant to ensure that the best available rules of technology are
implemented. Particular consideration shall be given to the following:

wherever possible plant and equipment containing flammable fluid shall be located in the open;
however, maintenance and climati c conditions will affect this decision;

plant layout shall be designed to minimize congestion;

appropriate pìpìng flexibility to suit all operating conditions;

the number of flanges in pipe runs shall be mìnlmized by using welded inline valves with due
consideration for commissioning, isolation and maintenance. Where flanges are used qualified
gaskets as specified in EN 12308, suitable for the joint and servìce, shall be selected and, wherever
possible, flanges should be oriented so that if a leak occurs the jet stream shall not impinge on
nearbyequipment;

the loeation of relief valve taìl pipes shall be such as to minimize hazard:

design pressures shallleave a sufficiently wide margin above operating pressures so as to minimize
the frequency ofthe lifting ofreliefvalves;

pumps with high integrity seals, or submerged pumps and motors shall be used for LNGand LPG;

it is recommended that galvanized surfaces are located so as to avoìd the possibility of molten zinc
contaminating austenitic stainless steel piping and equipment in the event of a fire possibly leading
to brittle fracture or rapid failure;

attention should be paìd to the installation of zìnc and aluminium above unprotected steel and
copper systems. lf aluminium or zinc is heated for a long time wìth a steel or copper objeet, that
objeet could develop pits or holes from alloying durìng future operation. This phenomenon will not
be instantaneous, but would affect the integrity ofthe pian t in future operation (see [141);

isolation valves shall be fitted as close as possible to the nozzle, but outside the skìrt, of process
liquid outlets of pressure vessels containing flammable liquids. These isolation valves shall be
capable of remote operation by push button in safe location or automatically by ESD (see
Clause 14).

4.5.2.1.10 Impounding basin

The extent of the impounding basins and spillage collection channel for LNG and hydrocarbon pipe-
systems and equipment shall be evaluated as a part of the hazard assessment (see 4.4). Imgeneral, it has
been found that the eollection of spill from interconnecting LNG and hydrocarbons piping, witbout
branch, flanges or instrument connections, is not justifìed by hazard assessment

If required, it shall be designed to accommodate potential leaks that will be identified in the hazard
assessment

Possible LNGand hydrocarbon spills should be drained into impounding basìns, with foam generators
or other measures for improved evaporation control.

Provisions for water recovery as given in 6.8.4 shall be applìed,

4.5.2.2 Site specific: Seismic protection

The plant shall be designed to allow easy operational resumption after an OBE level earthquake (see
OBE definition in Clause 3).
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The following systems shall withstand actions resulting from higher earthquake (from OBE through to
SSE levels):

systems for which rupture can create a hazard for the plant;

protection systems for which operation is required to keep a minimum safety leve!.

For this purpose, the plant systems and their components shall be classified on the basis of their
importance (see Annex C). Such classification shall be analysed during the hazard assessment:

Class A: systems which are vital for plant safety or protection systems for which operation is
required to keep a minimum safety leve]. They shall remain operationai for both OBE and SSE.The
ESD system and LNGstorage secondary container shall be in Class A.

Class B: systems performing vitai functions for the plant operation or systems for which rupture
can create a hazard for the plant for which collapse could cause a major impact on the environment
or could Iead to additional hazard. These systems shall remain operational after OBE and shall keep
their integrity in case of SSE.The primary container of all LNG tanks shall be in Class B.

Class C: other systems. These systems shall remain operationai after OBE and shall not fall on or
impact other systems classes and components after SSE.

The systems include the related equipment, piping, valve s, instrumentation, power supply and their
supports. Structures shall be designed as for tbe dass of the most stringent system component they are
supporting.

The buildings that have a safety function, or which are normally manned, shall be designed to keep their
integrity in case of SSE.Heating, ventilating and air conditioning shall be designed in order to fulfìl the
criteria ofthe dassified systems which are located in the buìldìngs.

4.5.3 Reviews

The reviews shall be organized tbrough a strict application of an all-encompassìng QA system (see
Clause 15).

These reviews shaU include as a minimum:

Preliminary Hazard Analysis;

layout review;

HAZOP;

maintenance and accessibility review;

SIL review;

pre-start-up review.

4.6 Safety during operation

4.6.1 GeneraI

The Iocal regulations prevail but tbeir appliance shall ensure that the items as listed in 4.6.2 and 4.6.3
are covered.
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4.6.2 Preparation for plant operation

The preparation for plant operation shall include:

personnel training, as outlined in Clause 17;

development of plant operations, maintenance and inspection procedures;

development of safety and securìty procedures, which integrate with the overall port emergency
procedures and International Ship and Port facilities Security (ISPS) code, where relevant.

4.6.3 Safety during plant operation

Safety during the operational phase shall be achieved by the following features and measures:

operation control, monitoring and safeguarding systems includingwork permits;

reduction of uncontrolled sources of ignition;

Iocai and remote control of the firefighting system.

5 [ettìes and marine facilities

5.1 GeneraI

This clause deals with the siting, engineering design, pre-operational training and safety requirements
of the jetty and marine facilities.

5.2 Siting

The positioning of a jetty at a LNGmarine terminaI is a prime factor in determining the overall risk of
the shìp/shore transfer operation and a detailed study to determine the most acceptable position shall
be undertaken at the conceptual stage of the project. Determination of what is acceptable in specific
circumstances shall follow from an assessment of the actual risks posed by the operation of adjacent
sìtes and harbour traffico

Provisions described in EN ISO 28460 should be incorporated into jetty design and ship shore interface.
See aiso other internationally recognized publications for additìonal requirements which may be
relevant (such as [23] and [16]).

5.3 Engineering design

An appropriate standard for marine structures shall be used (see [22]) to determine the selection of
relevant design parameters and methods of calculation to derive the resulting forces on the jetty
structure. This should allow far soil conditìons, plus the loads imposed on a LNGterminaI jetty due to
natural phenomena, such as winds, tìdes, waves currents, temperature variation, ice and earthquakes
and those imposed by operational activities, such as berthing and moorìng, cargo handling and vehicles
used during construction, operation and maintenance.

A compatibility study should be undertaken to ensure the range of vessels that it is anticipated will
berth at the termìnal can safely do so (see EN ISO 28460).

Consideration within the design should be given to the possibility of LNGspills, particularly in the area
adjacent to the transfer arms. This may be by provisions far containment of LNGspill and brittleness
protection of carbon steel structural members, or by other appropriate measures.

A jetty operator room should be provided, having communications with both shìp and terminai control
rooms. It should contain controls for emergency shut down and release equiprnent for the LNGtransfer
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system and jetty remote operated fìrefìghtìng and vapour control equipment. Equipment should also be
provided for monitoring sea and weather conditions and the shìp's position and tension in the mooring
lines.

A detection system shall be provided to give warning of any leakage of LNG or natura] gas and also to
give warning in the event of fire. Activation of this system shall automatically initiate an ESDof the ship-
shore transfer system and give alarms in the jetty operator room, terminai control rooms and also be
communicated to the ship by the means as recommended by EN ISO 28460. Marine transfer arms shall
be used for the transfer of LNG between ship and shore. These shall be equipped with powered
emergency release couplings accordìng to EN 1474 (ali parts).

Quick release mooring hooks shall be provided and the design of the release system shall be such that
the operation of one switch, or failure of a single component, cannot release ali moorings
simultaneously.

5.4 Safety

Provision shall be made for rapid access and egress to the berth by emergency vehicles or vessels
involved in firefighting, medicaI evacuation or pollution control.

On jetties relying on vehicular access it may be necessary to provi de passing places.

Provision shall also be made for emergency escape routes from fire or liquid spillo From any point on
the berth it should be possible to escape to a place of safety. This is most easily achieved by providing
two independent routes to safety from the berth, These may include:

additional waIkways;

provision of a manned standby boat(s).

Escape route shall be protected by water spray if found necessary by the hazard assessment.

Access to ship fram jetty shall comply with requirements of EN ISO28460.

It shouId not be possible for unauthorized persons to gain access to the jetty area, without being
challenged, at any time (see [30]). Where security fences are used to achieve this consideration should
be given to the generaI fire precautions and means of emergency egress. (See [24].)

6 Storageand retention systems

6.1 GeneraI

The design and construction of vertical, cylìndrical, flat bottom LNGtanks are covered by EN 1462 O.

6.2 Types of tank

The types of tanks are characterized by their technologìes, their secondary container (containment) and
their foundations.

The main technologies are:

• the self-supporting 9 Nì-steel tank;

• the membrane tanks;

• the concrete tanks.

The types of containment are described in 6.3.
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Other types could be accepted provìded that theìr concept and safety could be proven appropriate for
the functions as defined in 6.4.2 and the requìrements in 6.4.1.

The tanks can be placed on the ground, or semi burìed, or in ground or in pit. The raft of the tank can be
supported by raised pìles, The type of foundation depends on the result of the soìl report and seismic
study.

The different types of tanks are described in EN 1462 Oor shown in Annex H.

6.3 Types of containment

SINGLECQNTAINMENT

A single containment shall be designed to achieve the following functìons:

• The primary container, or inner tank, shall contain the cryogenic Iiquid.

• This inner container could contain the product vapour or breathing nitrogen or could be duplicated
by an outer shell that will contain the product vapour or breathing nitrogen.

UNI EN 1473:2016

In case of a leakage of the inner tank, the following scenarios shall be considered:

• release of cryogenìc product;

• release of product vapours (also in case of leakage of the outer shell).

In case of single contaìnments, the inner tank shall be surrounded by a bund wall to contain the possible
product spillage.

DOUBLECONTAINMENT

A double containment shall be designed to achieve the following functions:

• The primary container, or inner tank, shall contain the cryogenic liquido

• The outer shell shall contai n the product vapour or breathing nitrogen.

• The seçQndary container, or bund wall, shall contain the spilled LNG in case of leakage of the
primary container.

In case of a leakage of the inner tank, the release of cryogenic product shall be considered.

In case of the outer shellleakage, the uncontrolled release of product vapour shall be considered.

FULLCONTAINMENT

A full containment shall be designed to achieve the following functions:

• The primary container, or ìnner tank, shall contain the cryogenic liquido

• The secondary container, or outer tank. shall contai n the product vapour and shall be able to
contain the spilled LNGin case ofleakage of the primary container,

The boil~off gas generated during the primary container Ieakage shall be contained within the
secondary container with possibility of controlled venting though the pressure relief system. lt is.
however, acceptable that some gas leaks could occur through the secondary container in case of such
accidental event.
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6.4 Design principles

6.4.1 GeneraI requirements

The EN 14620 standard does not apply for storage tanks for which the design pressure is more than
500 mbarg. Higher pressure tanks shall meet the requirements of applicable standards or codes used
for the design of the related type of pressure vessels 3).

Vertical, cylìndrical, flat-bottomed steel LNGtanks shall meet the requirements ofEN 14620.

The cylindrical cryogenic concrete tanks and spherical tanks for LNGshall be designed in accordance
with the requirements from applicable standards or codesél and ali requirernents relating to LNG
storage contained in this European 5tandard.

The LNGtanks shall be designed to:

safely contain the liquid at cryogenic temperature;

ensure gas tightness;

permit the safe filling and remo val of LNG;

permit the boil off gas to be safely removed;

prevent the ingress of air and moisture except as a last resort to prevent unacceptable vacuum
conditions in the vapour space;

minimize the rate of heat in leak, consistent with operational requirements and prevent frost
heave;

withstand the damage leading to loss of containment due to credible internai and external factors
as defined in Clause 4;

operate safely between the design maximum and minimum (vacuum) pressures;

withstand the number of filling and emptying cycles and the number of cool down and warming
operations which are planned during its design life.

6.4.2 Fluid tightness

The tank shall be gas and liquid tìght in normal operation.

The degree of resistance to leakage required in the event of external overloads such as impact darnage,
thermal radiation and blasts shall be defined in the hazard assessment (see Clause 4).

LNGtightness of the primary container shall be ensured by a continuously welded plate, membrane or
cryogenic concrete pre-stressed with cryogenic reinforcement.

LNGtightness of the secondary container shall be ensured by:

continuously welded plate;

concrete;

compacted earth or sand provided LNGtìghtness can be ensured;

other proven suìtable material.

3) E.g. EN 13445.

UNI EN 1473:2016
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The outer envelope of the tank whìch is exposed to the atmosphere (metallic or concrete) shall be
designed in such a way as to minimize water penetration, whether this is surface water, firewater,
rainwater or atmospheric humidity. Moisture can introduce corrosion probìems, deterioration of the
insulation and of the concrete.

To contain liquid in case of LNG leakage in case of double or full containment (as defined by their
functions in 6.3), the following requirements shall be applied far the secondary container.

if made of rnetal, it shall be of cryogenic grade;

if made of pre-stressed concrete, the temperature of the pre-stressed cables shall remaìn
compatible with the strength of the maximum hydrostatic head. lt is to be assumed for calculation
that the temperature ofthe LNGis applied directly onto the internaI face, including the insulation, ìf
any;

it shall withstand ali operational and accidental loading conditìons, as per EN 14620, and all
hazardous conditions that are identified during the QRA (refer to 4.4). In case of damages to the
secondary container, they shall be Iimited in size to prevent domino effect and loss of integrity of
the primary container.

For a secondary concrete container where a rigid basejwall connection exists, a thermal protection
system shall be foreseen to prevent uncontrolled cracking in this connection area. This thermal
protection system shall be designed in accordance with EN 14620-1:2006,7.1.11.

6.4.3 Tank connections

External connections shall be designed to accept loads imposed from the external piping and internai
pìping, if any.

The fluid and gas transfer pipes which penetrate the container shall satisfy the following requirements:

penetrations shall not give rise to excessive heat input;

where penetrations may be subject to rapid thermal contraction and expansìon: jf necessary the
internaI connections shall be strengthened and the external connections shall be designed to
transmìt external pìpìng loads to a thermal expansion compensating system;

there shall be no penetrations ofthe primary and secondary container base or walls;

if needed, connections shall be provided for nitrogen into the annular space between the inner tank
and the outer containment to enable air to be purged out before commissioning and LNG to be
purged out after emptying for maintenance.

The absence of wall or base penetrations requires the use of submerged pumps. A platform and suitabIe
lifting equipment on the roof shall be provided to allow pumps to be removed for maintenance.

The design shall prevent any siphoning effects.

6.4.4 Thermal insulation

Materials used for thermal insulation should be chosen from those defined in EN ISO 16903.

The installed insulation systems shall be free from contaminants which can corrode or otherwise
damage the pressure-containing components with which they come into contact 4)

4) However, insulation used in the annular space or above a suspended deck (refer to definition in EN 14620) of self-
supporting and concrete tanks, will be exposed to the boìl-off gas.
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Base insulation is installed beneath the primary container base to reduce heat transfer from the
foundation and so that heating of the ground if required, to prevent frost heave, can be minimized.

Base insulation shall be designed and specified to be able to withstand any kind of action combinations
as defined in EN 14620.

The thermai expansion of components shall be taken into account; therefore ìnsulatìon installed outside
the primary container, when it is made up of expanded perlite, can be protected from settling, for
example, by glass wool padding whìch absorbs variations in the diameter of the primary container.

The thermal insulation of a membrane tank shall wìthstand the hydrostatic load,

Insulation of spherical tanks shall be at the outside the sphere and shall not be not exposed to any
internal hydraulic or mechanical actìons,

External insulation shall be protected from moisture by cladding and the installation ofvapour barrier.

Exposed insulation shall be non-combustible.

The quality of insulation shall be such that no single point of the external envelope (excluding
penetrating components) of the tank will remaìn at a temperature below O °C by an air temperature
above or equal to 5°C. The relevant conditions (atmospheric, soil, design, etc.) have to be taken into
account for the thickness calculations.

In case of above ground storage tanks the minimum wind speed to be eonsidered is 1,5 m/s.
6.4.5 Operating actions

LNG Tanks shall be capable of withstanding the combinations of actions as defined in EN 14620 and
those resulting from changes in temperature and pressure durìng:

initial cool down and warm up to ambient temperature;

filling and emptying cycles,

The manufacturer shall indicate the maximum rate ofternperature change that the tank can withstand
during cool down and warm up operations.

For self-supporting steel tanks, the primary container shall be designed to withstand the maximum
differential pressure which could oceur during ali operating phases. A system shall be provided to
prevent lifting of the floor, if required.

6.5 Generai design rules

The structures of the tank shall be designed to withstand at least the combination of actions defined in
EN 14620.

In additìon, structures and structural elements shall:

maintain their characteristics during normal condìtìons, with regard to degradation, displacement,
settling and vibration;

have adequate safety margin with regard to resisting fatigue failure:

have adequate ductile and crack arresting properties and little sensitivity to local damage;

provide simple stress paths with small stress concentrations;

be suitable for condition monitoring, maintenance and repair.
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The design shall minimize any degradation of the rebar or concrete to prevent reduction of the
structural integrity ofthe tank during its design life.

6.6 Foundations

Foundations are designed to prevent differential settling higher than the permissible Iimit far the raft.

The design of the foundation shall be such that frost heave ìs avoided either by position of the base slab
or by heating systems, If a heating system is used it shall be capable of in service repair or replacement
and have 100 % redundancy.

Seismological analysis and the geotechnical analysis of the nature of the ground shall define the criteria
for foundation design. Seismic insulators may be required in order to reduce the consequences of an
earthquake. They shall be replaceable without decommissionìng of the tank.

The raft can be raised, laid on the ground, semì-burìed or in-ground.

When the raft is raised, the clearance left shall be sufficiently large to permit natural circulation of air
which will maintain the lower face of the raft at a temperature not more than 5 °C cooler than
atmospheric temperature. Gas detectors shall be installed in this bottom space to monitor the presence
or accumulation of gas in case of leak, The effect of over-pressurìzatìon due to ignition of flammable
mixtures shall be evaluated and mitigated.

Spherical tanks founded on solid rock do not need any heating devi ce when the ground is properly
drained and the space between the insulation jacket and the rock is properly ventilated or purged.

6.7 Operating instruments

6.7.1 GeneraI

pressure indicators andjor switches:

Sufficient instrumentation is required to enable the tank to be commissioned, operated and
decommissioned in a safe manner. Instrumentation will include at least the following:

Iiquid level indicators and/or switches;

temperature indicators andjor switches;

density indicator, (except at peak shaving plants ifprovisions as defined in EN ISO 16903 are taken
to prevent roll-over).

In general, the reliability of such measurements is to be ensured by the following minimum
arrangements:

instrumentation should be able to be maintained in normal operation of the tank;

instrumentation related to safety and operation for which maintenance requires dìsmantling shall
have sufficient redundancy;

threshold detectors which have a safety function (pressure, LNG level, etc.) are to be independent
of the measurement sequence;

measurements and alarms shall be transmitted to appropriate control room(s);

in earthquake areas, criticai alarms, e.g. pressure and level, shall be transmitted by duplìcated,
diverse routes to the central control room.

UNI EN 1473:2016
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6.7.2 Liquid level

High accuracy and independent level devices are recommended as the means for protection agaìnst
overflow in preference to overflow-pìpes,

The tank shall be fìtted with instruments that enable the level of LNGto be monitored and that enable
action to be taken. These instruments shall in particular allow:

continuous measurement of the fluid level from at least two separate systems, of suitable
reliability; each system shall include high level alarms and high high level alarms;

detection of high high level based on instrumentation of suitable reliability which is independent of
the above mentioned continuous measurements of level; detection shall initiate the ESD function
for feed pumps and valves in feed and recirculation lines.

6.7.3 Pressure

The tank shall be fitted with instruments, permanently installed and properly Iocated whìch enable the
pressure to be monitored as follows:

continuous pressure measurement;

detection of too high pressure, by instrumentation which is independent of the continuous
measurement;

detection of too low pressure (vacuum) by instrumentation, which ìs independent of the
continuous measurement Following vacuum detectìon, the boil off compressors and pumps shall
be stopped and if necessary, vacuum breaker gas injected under automatic controI;

if the insulated space is not in communication with the internaI container, differential pressure
sensors between the insulation space and the internaI container or separate pressure sensors in the
ìnsulatìon space shall be installed.

6.7.4 Temperature

The tank shall be fitted with properly located, permanently installed instruments which enable the
following monitoring:

the liquid temperature at several depths; the vertical distance between two consecutive sensors
shall not exceed two metres;

the gaseous phase temperature;

the wall and the bottom temperature of the primary container;

the wall and the bottom temperature ofthe secondary container (unless the secondary container is
a bund wall).

6.7.5 Density

The density of the LNGshall be monitored throughout the lìquid depth.
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6.8 Pressure and vacuum protection

6.8.1 GeneraI

The various reference flow rates which shall be taken into consideration for sizing the boìl off circuit
and the pressure relief val ves are defined in Annex B. They are applicable to each tank taken
individually. Sufficient margin shall be provided between the operating pressure and the design
pressure of the tank to avoid unnecessary venting.

6.8.2 Origin of the boìl off gas in the tank vapour space

Irrespective of the means for recovery of boil off gas which might exist elsewhere (e.g. relìquefactìon,
compression), the vapour space of the tank shaU be connected to a flarejvent [see Clause 11), safety
valve (6.7.3), or possibly a rupture disc (6.7.4) which is capable of discharging flow rates from any likely
combination ofthe following:

evaporation due to heat input in tank, equipment and recirculation lines;

displacement due to filling at maximum possible flow-rate or return gas from carrier during
loading;

flash at filling;

variations in atmospherìc pressure (see 8.7);

vapourised LNGin desuperheaters;

recirculation from a submerged pump;

roll-over.

6.8.3 Pressure reliefvalves

The tank shall be fìtted with over-pressure valves, plus one instaHed spare (n + 1 philosophy), directly
relieving to the atmosphere except in cases where a vapour emission in an emergency leads to an
unwanted situation as described in 4.5.2.1.3. In this case, the valves shall be Iinked to the flare network
or vent system. The maximum flow to be dìscharged, at maximum operating pressure, is either the gas
flow due to the heat input in the event of a fire or any likely combination of the following flow due to:

evaporatìon due to heat input;

displacement due to filling;

flash at filling;

variations in atmospheric pressure (see B.7);

recirculation from a submerged pump;

control valve(s) failure;

roll-over, in case no other device ìs envisaged (for example see 6.7.4).
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6.8.4 Rupture disc

If the calculation of the over-pressure valves or the flarejvent system does not take ìnto account roll-
over, a rupture disc or equivalent shall be installed whatever the other measures taken (for example,
stock management polìcìes, various filling lines).

A rupture disk can be used to protect the tank from over-pressure, This devìce, which should be
regarded as a last resort, makes it possible to retain overall tank integrity by temporarily sacrificing gas
tightness.

It shall be designed in such a way that:

it can be replaced in operation following failure;

fragments will not fall into the tank;

fragments will not damage any other part of the tank.

Rupture of the disk shall cause all boil off gas compressors to trip automatically.

Means shall be provìded to check disc integrity.

6.8.5 Vacuum

6.8.5.1 GeneraI

The tank shall be prevented from going into negative pressure beyond the permissible limit, by timely
automatic shutdown of pumps and compressors, gas or nitrogen injection and by air vacuum breaker
valves.

As ìntroductìon of aìr can bring about a flammable mixture, the air vacuum breaker valves shall act only
as a last resort in order to prevent permanent damage to the tank.

6.8.5.2 Gas injection system

Gas may be injected under automatic controi to minimize Iow pressure in tank pressure (see 6.7.3).

6.8.5.3 Vacuum reliefvalves

The tank shall be fitted with vacuum reliefvalves, plus one installed spare (n + 1philosophy). The flow
to be admitted at maximum negative pressure shall be 110 % the flow that is required to mitigate any
likely combination of the following causes:

variation of the atmospheric pressure;

pump suction;

boil off gas compressor suction;

LNG injection into the vapour space.

6.9 Bund walls and impounding area for single and double containment

6.9.1 GeneraI

The rules of this subclause do not apply to full containment types provided that tbey are fully in
compliance witb EN 14620 and that the secondary container achieves the requirements of 6.4.2.
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6.9.2 Impounding area for single containment

For cylindrical single containment and for spherical tanks, an impounding area is required to collect
and contain any LNGspillage.

For these tanks ìf ìnstalled in an excavatìon, the ground could act as the impounding area provided that
its properties are suitable (see 6.4.2 and 4.4.2.5).

The impounding areas of two tanks may be combined. The design of the impounding shall ensure that
the accident shall not cause damage to the adjacent tank.

6.9.3 Impounding area for double contaìnment

For double containment, the bund walls shall be located within 6 m from the outer envelope of the
primary container.

6.9.4 ~aterials

Retention system materìals shall be impermeable to LNG. The thermal conductivity of the material
affects the rate of evaporation following a spillo The need to insulate the ìmpounding area and
impounding basins (see 6.8.5) wìll depend on the results of the hazard assessment (see 4.4). Insulation
coating of such systems shall be designed in accordance with EN ISO16903 and EN 12066.

The bottom of the impounding area should not be made up of gravel as heat transfer properties would
increase vaporization. Every effort shall be made to keep the bottom free from any vegetation that may
pose a fire hazard.

6.9.5 Recovery ofwater

Impounding areas for LNGin which rain or firewater can collect shall inc1ude a means for removing it to
ensure that the required volume is maintained and to prevent flotation of the tank.

The water shall drain to an impounding basin within the impounding area and be removed by pumping.
The pump shall be inhibited from starting should LNGleakage be detected.

6.9.6 Retention capa city

The impounding area within the bund waBs shall be large enough to contain at least 110 % ofthe gross
liquid capacity ofthe biggest tank.

The operator / occupier shall demonstrate that the wall will not be overtopped, even in case of the most
severe failure identified by hazard assessment.

When the edges of the bund walls are more than 15 m away from the tank, consideration shall be given
to the installation of an impounding basin within the impounding area. The needs of such will be
identified in the hazard assessment in 4.4. The basin shall be capable of collecting leaks from LNGpipe-
work including the overflow pipe (if any) within the impounding area. The following design principles
apply:

the capacity shall be greater than the amount of liquid which would be spilled by breakage of the
pipe with the highest leakage rate for the time necessary for detection and for interruption of flow;

an impounding basin shall be open to the atmosphere.

The loeation of the ìmpoundìng basin with respect to adjacent equipment shall have regard to the
hazard assessment and heat flux level gìven in Annex A.

In addìtion, means for limiting evaporation and reducing the rate of burning of ignited spills and
consequences should be considered.
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6.10 Safety equiprnent

6.10.1 Anti-roll-over devices

In order to avoid roll-over at least the following measures shall be taken:

filling systems as defined in 6.10.2;

a recirculation system;

monitor boil off rate;

temperature/ density measurements throughout LNGdepth.

Other operational preventive measures may be used, such as:

avoiding storing significantly different qualities of LNGin the same tank;

appropriate filling procedure considering the respective densities of the LNG;

specific processing for LNGwhich contain a nitrogen molar fraction higher than 1 %;

cycle tank usage to prevent stagnation of LNGinventories.

The design of the tank may be based on tank LNG behavìour simulation validated software which
integrate filling and emptying phases. They may be used to predict stratification occurrences, to
estimate consequences and to evaluate the means to avoid or to manage them.

6.10.2 Protection against Iightning

The tank shall be protected from lightning in accordance with 12.2.

6.10.3 Reliability and monitoring of structure

6.10.3.1 Reliability

LNG tanks require a design that ensures that changes in the structural condition of the tank are slow
and limited, on one hand, and permits monitoring of representative parameters of the tank condìtìon,
on the other.

The leve l of reliability which it is necessary to achieve as required by Clause 4 can Iead to the back-up of
certain components of the structure. For example, the use of a primary container and a secondary
container.

6.10.3.2 Monitoring of structure

Devices for monitoring the general condition of the structure, including the foundation, shall be
designed in such a wayas to leave sufficient time for action if anomalies are detected.

The monitored values shall be interpreted in terms of pre-defìned:

normal values;

alarm values:

criticaI values.

The parameters which are required for the monitoring of the generaI condition of the structure are
stated below.
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6.10.3.3 Temperature sensors

Three sets oftemperature sensors are required:

on the outer skin of the prìrnary container wall and botto m, to monitor cool down and warm up,
except far membrane tanks;

on the warm side of the Insulatìon (wall and bottom) to detect any leakage and to monitor any
deterioration of the insulation due far example to settling;

on the outer surface of concrete raft or point of support far alI types of tanks to monitor the
temperature gradient.

The outer surface of concrete walls of outer containers in case of full containment may be provided with
temperature monitoring.

Plots from all sensors shall be recorded in the appropriate control room(s) and any confirmation of
leakage shall sound an alarm. The covering of sensors shall be sufficient to ensure that any leakage is
detected and the temperature gradient is monitored.

6.10.3.4 Heating system control

In the case of tanks that have a heating system, temperature and consumption of power by the system
shall be continuously record ed.

6.10.3.5 Settling monitoring

Monitoring of foundation settling shall be carri ed out during hydrotest and ìs recommended during
operatìon,

6.10.3.6 Primary container leak detection

For all tanks where the insulation space is not in communication with the primary container, a system
shall be provìded far nitrogen circulation within the insulation space. Monitoring of the tightness of the
primary container is then possible by detection ofhydrocarhons in the nitrogen purge.

6.10.3.7 Tank externalleak and fire detection

The kìnd of detectors to be used and their location are defined in Clause 13.

6.11 Tank piping

6.11.1 Cool down piping

A system far cool down shall be provided to prevent cold liquid tram fallìng onto the bottom of a warm
tank. It can terminate far example, in a spray nozzle or a perforated ring.

6.11.2 Filling piping

Top and bottom filling connections shall be provided. The bottom filling connection shall be provided
with a device to allow mixing of the tank contents.

6.12 Distance between tanks

The distance between tanks shall be determined in accordance with the hazard assessment (see 4.4)
but shall not be less than the minimum crìterìa gìven in 13.1.2.
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6.13 Commissioning and decommissioning

The devices which will be used for commissioning and decommìssionìng operations shall be defined at
the design stage:

draìn cìrcuits shall be designed in such a way as to allow inerting and complete drying, of the
insulation space in particular. Provision shall be made for the taking of sarnples for monitoring
these parameters;

in case tbe Insulatìon is directly in contact with the gas volume of the tank, provision shall be taken
far purging and inerting this space;

cool down piping shall be design ed as given in 6.10.1;

the self-supportìng primary container shall be fitted with a sufficient number of temperature
sensors in order to provi de accurate monitoring of gradients in space and time (see 6.7.3 and
6.10.3.3);

pressure balancing devices shall be provided for protecting the primary container against instances
of excessive negative pressure (see 6.7.3). The actual dìfferentìal pressure shall be monitored
during commissioning and decommissioning.

6.14 Testing

Testing shall comply with EN 14620.

7 LNGpumps

7.1 GeneraI

This clause covers the minimum requirements for specifying, design, manufacturing, testìng, ìnstalling,
operating and maintenance of centrifugaI pumps used for LNGservices.

Safety technical demands described in EN 809 as well as safety measures on the LNGpiant described in
4.5, are required for centrifugal pumps for LNG,designed, installed and operated in the plant areas.

Design, manufacturing and testing requirements are defined in the following standards:

EN ISO9906;

EN 12162;

EN ISO 13709.

The additional requirements for LNGpumps are included in Annex D.

When the pump electrìc motor ìs supplied with a frequency inverter to adjust the speed of the pump
durìng operation, the following standards should be used:

EN 61800;

EN 12483.

In thìs case, a study of electromagnetic compatibility and harmonic influence on the supply network
shall be performed. These requirements should be taken to reduce the consequences of the use of
frequency inverters.

47
UNI EN 1473:2016



ICARO SRl
UNlstore - 2016 - 389043

EN 1473:2016 (E)

7.2 Materials

Materials should be chosen from the materials recommended for LNG use as defined in EN ISO 16903.

Care shall be taken for compatibility between material classes.

Other materials may be used provìded supplier can demonstrate their suitability.

7.3 Specificrequirements

Each pump shall be indivìdually valved in order to enable ìsolatìon, draining and purging for
maintenance.

In case of pumps running in parallel, a check valve shall be installed. Provìsìon shall be made to avoid
hydraulic hammer from this check valve.

Provisions should be made to ensure that the pump would not be damaged due to low flow.

For "por" (or "can") or "column" mounted pumps, provìsìon shall be made to ensure an adequate
venting of the gas pockets.

Condition monitoring should be installed on the pump.

The pot (or can) mounted pumps shall have provision for purgìng, draining and isolation. Ifthe pump is
installed in a pit, provision shall be made to ensure that the drain and vent valves can be operated
during pump decommissioning.

7.4lnspection and testing

A specific inspection and testing programme shall be implemented in accordance with the Annex D to
demonstrate the pump operability throughout the full operating conditions.

The testing load cases shall be defined with regard to these operating conditions.

8 Vaporization ofLNG

8.1 GeneraI requirements

8.1.1 Function

The function of a vaporiser is to vaporise and heat the LNG in order to send out the natural gas into the
transmission network at a temperature above the hydrocarbon dew point and not lower than O °C.

8.1.2 Materials

Materials can be chosen from the materials for LNG listed in EN ISO 16903. As vaporisers are also in
contact with a heating fluìd, one of two arrangements, shall be adopted:

either the material is compatible (no corrosion or erosion) with the heating fluid for which the
characteristics shall be properly specified beforehand;

or a protective coating is applied onto parts in contact with the heating fluido

Care shall be taken with compatibility of materials: it should be noted, for example, that tubes of open
rack- vaporisers are usually made of aluminium alloy while LNG pipe-work is made of austenitic
stainless steel.

A transient analysis shall be performed in arder to check the risk of cold propagation on piping
downstream the vaporiser (see E.2.6 far monitoring and control).
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8.1.3 Protective coating

When a protective coating (paint, metal spraying. galvanization, etc.) is applied in order to protect the
vaporiser against chemical or physical attack from the heating fluid, that coatìng shaU be stable both at
the temperature of the LNGand at the maximum temperature of the heating fluido

The protective coating can gradually erode and corrode. The maxìmurn rate of loss of the coating shall
be specified taking due account of the operating of conditions (flow velocìtìes, temperature,
composition, duration of utilization).

The manufacturer of a vaporiser using surface coating shall provide means for the coating to be
repaired or replaced.

In ali cases, the manufacturer shall provide a detailed description ofthe maintenance ofthe coating.
8.1.4 Natura) gas circuits

At the vaporiser outlet, piping materials are to be chosen in terms ofthe lowest temperature that might
occur. This depends on the following:

the set point ofthe temperature switch which automatically closes the isolation valves;

the time required to dose the LNGvalve;

thermal transients before temperature stabilization;

temperature drop due to expansion ofthe gas to a lower pressure.

Materials shall be:

austenitic stainless steeI up to isolation valves whìch dose in the event of gas temperature below
the specified threshold;

suitable for the lowest temperature which can occur downstream of the isolation valve before it can
beshut.

8.1.5 Stability jvibration

Vaporisers shall operate in a stable condition without any vibration for the specìfìed operating range.
8.1.6 Safety reliefvalves

To avoid over-pressure, any vaporisers that could be isolated (blocked in) shall have at least one safety
relief valve. The flow-rate required for the relief valve shall be calculated using the following
assumptions:

the vaporization section is filled with LNGat working temperature;

the ìsolatìon valves ofthe section are closed and assumed to have a tight shut-off;

the heating system (heating fluid, bath, etc.] remains in service at maximum power (at maximum
possible temperature and at maximum flow rate for the heating medium);

unless the shut-in overall heat transfer coefficient is known, the heat transfer coefficient shall be
based on clean operation (Le. zero foulìng resistance) and the rated LNGflow.

The safety relief valves may discharge directly to the atmosphere to a safe location. If this is not
possible, the discharge of the safety relief valves shall be routed to the flare or to the vent.
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8.1.7 Performance data

The nominaI values of the performance data of the vaporìsers, which are listed below, shall be ensured
by the manufacturer:

minimum and maximum flow;

minimum outlet temperature;

maximum pressure drop;

maximum fuel gas flow or maximum heating medium flow and power requirement;

minimum pressure for rated duty.

8.2 Design conditions

The vaporiser shall be desìgned, as a minimum, to withstand the simultaneous design conditions
defined in Table 2.

Table 2 - Sìmultaneous design conditions

Permanent and variable conditions to be combined

Design Weight Pressure Operating Cooling Thermal Wind .OBEconditions test - stressespressure stresses

Test 1 1 - - - 1 -

Cooling 1 - 1 1 - 1 -
Norma]

1 1 1 1 1- -operation

8.3 Vaporiser requirements

Specific requirements far some of the vaporiser designs currently in common lise are defined in
AnnexE.

9 Pipe-work

9.1 Generai

The purpose of thìs clause is to highlight some features of pìpe-work design that are particularly
relevant to LNG faciliti es.

9.2 Piping systerns

9.2.1 Piping system scope

The main piping systems of an LNG plant include:

mai n process systems;

auxiliary process systems;

utility systems;

UNI EN 1473:2016
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9.2.2 The mai n process systems

These will depend on the type of plant but can include:

high pressure natural gas system, to or from the naturai gas transmission network;

low and high pressure LNGsystems;

LNG ship loadìng/unloadìng systems, between the ship and the storage tanks; this system
terminates at the connecting flanges to the transfer arms;

boil off gas system, including discharge to the flare/vent and vapour return to the ship;

refrigerant systems, between the liquefaction compressor, the heat exchangers and any refrigerant
storage.

9.2.3 Auxiliary process systems

These are made up as follows:

drain systems (gathering of hydrocarbons drained from main process systems and equipment to
drain drums or to the flare Knock out drum);

natural gas systems for use as plant fuel gas, domestic gas, derime gas (defrosting) and service gas,
in the plant and for the safety of storage tanks;

systems for cooling large equipment items;

cool down and cold retaining systems (e.g. for maintaining LNG transfer systems at cryogenic
temperatures when on standby).

9.2.4 Utility systems

51

The main utility systems are, depending on the type of plant:

water, oiI or heat transfer fluid for use as a heat source or for cooling as appropriate;

nitrogen gas systems for use as service gas, laboratory gas and more specifically for:

safe inerting ofpipes and equìpment:

drying of pipes and equipment such as transfer arms, pump wells, etc.;

pressurization of small pressure vessels as an alternative means of lìquìd transfer;

seals of cryogenic rotating equipment;

naturai gas heating value and Wobbe Index correction;

purging of the insuiation space outside the primary container of appropriate LNG storage
tanks;

air systems:

- instrument air;
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pressurizing of electrical contrai boxes;

service air;

breathing air;

LNGcarrier supply systems:

liquid nitrogen;

bunker fuels;

drinking water;

fire water;

steam and boiler feed water systems;

emergency fire water from firefighting tugs to jetty conneetion.

Special provisions shall be taken to avoid frost damage by insulating, tracìng, recirculation or burying
susceptible systems.

9.2.5 Fire protection systems

The main fire protection systems are described in Clause 13, they are:

spraying system;

water curtains;

waterjconcentrate mixture for foam generation;

dry chemical powder.

9.3 Rules for design

9.3.1 GeneraI requirements

Recognized calculation codes for industriai piping shall be applied to the different systems described in
9.2.

Piping systems shall be in compliance with EN 13480 (all parts) piping code.

9.3.2 Flow characterìstìcs

The pìpìng should be designed in order to ensure a smootb flow whilst avoiding dynamic effects, e.g.
surge loads, hydraulic hammers or vìbrations, and adverse static electricity.

The maximum velo city for each medium shall be defined as a function of the flowing rnedium, its
density and the potential for static electricity (see [48]).

The pressure drop calculations shall be conducted in order to check the pressure conditions required
for the correct operation of the pumps on the systems for loading and unloading ships, filling of tanks
(in the case of liquefaction pian t) or send aut from these tanks.

Pressure drops shall be calculated using validated methods (for example the Colebrook formula for the
friction factor).
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9.4 Pressure tests

An piping systems shall be tested according to the recognised calculation codes for ìndustrial piping. In
case ofunavailable information, the following specifications are recommended:

hydrotests: as per the PED Directives or 150 % ofthe design pressure ifPED is not applicabIe;

or pneumatic tests: as per PED Directive, or 110 % ofthe design pressure ifPED is not applicable.

For cryogenic systems the preference is for pneumatic test. These pneumatie tests will only be carried
out after approvaI by the Ioeal Authorities, upon demonstration that the appropriate measures are met
to protect the personnel and that the stored energy is within acceptable limits (see [35]).

Safety distances may be determined by analysis of potential failure seenarios that may occur during a
test.

In the absence of sueh an analysìs, the following guidelines may be used.

Table 3 - Recommended safety distances during pneumatic tests

Pressure Distances

bargauge metres

:5 10 30

> 10 to 22 60

> 22 to 36 90

> 36 to 52 120

> 52 to 69 150

> 69 to 80 170

>80 Not
recommended

The guidelines are based on a 2" diameter and 300 mm length piping eomponent being ejected from the
system under test by the stored pneumatie energy.

In the case that the pneumatic test ìs not possìble, a hydrotest shall be conducted and thorough drying
carried out after the test; including valve disassembly if necessary. Hydrotest water quality should be
adequate, especially with regard to chloride content when testing stainless steeI pipe work. See 15.3.

Pipe supports shall be cheeked for the weight ofthe lìne full ofwater.

During the tests the systems and their battery limits shall be designed in order to reduce the number of
"golden welds",

The flanged connections shall be ehecked for leakage after cleaning and ìn-lìne instrument re-
installation when the system is re-pressurised. The "golden welds" should also be ehecked for tightness
at this time.

Leakage from the system shall not be acceptable.

9.5 Piping components

9.5.1 GeneraI

The materìals of construction for pipes and accessories shall be chosen according to the conditions of
use. Examples ofthese materials are given in EN ISO16903.
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Two cases are to be considered:

materials in permanent or occasional contact with LNG;

materials in accidental contactwith LNGdue to a leakage or spillage ofLNG.

In the first case, the materials shall have cryogenic properties so there is no rìsk of brittleness due to the
temperature ofthe LNG.

In the second case, according to the results of the hazard assessment (see 4.4.2.3), specìal precautions
shall be taken, far example:

use of cryogenic materials;

insulation with a suitable material.

In arder to improve the fire resìstance, the process piping system- that can be exposed to fire or heat
shall not be fabricated from material with a melting point lower than steel. The fire exposed piping
could exist in areas where spilled hydrocarbon could collect or accumulate and be on fire, or subject to a
jet fire, following an accident or a hydrocarbon release.

Far LNGor cold gas pipes, arrangements shall be made to preventthe following:

any differential contractions sufficient to cause deformatìon, jammìng of moving parts, alignment
defects, etc.;

ìcìng up of components in contact with the atmosphere, If the phenomenon cannot be avoided, the
weight of accumulated ice shall be considered for the calculation of supports.

Positive isolation shall be provided where it is necessary to protect personnel undertaking internaI
inspection or maintenance of equipment. This can be in the form of:

a removable spool piece;

a spectacle blind or spade and spacer.

9.5.2 Pipe

9.5.2.1 GeneraI

Piping shall be in compliance with recognized standards.
9.5.2.2 Pipe joints

[oìnts between pipes made bywelding shall be in accordance with the following specìflcatìons:

exclusive use of fiUer metals approved by the owner;

welding according to a procedure qualified accordingto EN ISO 15614-1;

use of welders and/or operators qualified according to EN ISO9606-1;

inspection before, during and after welding in compliance with EN ISO9712.

Welding of different pipe materials shall be made with special care especially with regard to thermal
stresses arising from differential contraction and electrochemical corrosion.

Flange joints shall be limited to a minimum in particular for maintenance operations. If these types of
junctions are used, special precautions shall be taken when the bolts are tightened. More partìcularly,
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for cryogenic services, precautìons shall be taken to prevent any leak during cooldown, e.g. bolt pre-
tensioning, spring washers. Flanged connections shall be design ed in accordance with EN 1591 (all
parts).

PN designated flanges and gaskets shall be in accordance with EN 1092-1 and non-metallic flat gaskets
shall be in accordance with EN 1514-1.

Non-welded joints shall be tested in accordance with EN 12308.

9.5.2.3 Pipe supports

The support shall permit the movement of the pipe due to thermai contraction or expansion without
exceeding allowable stress es. The support design shall suit this function and shall prevent any cold
bridge between the pipe and the structure on which it is resting or from which it is hanging.

The design of the supports and related piping shall consider the vibrations and surge Ioads in the Hne.

9.5.2.4 Compensation ofcontractions due to cold

AH pìping systems shall be subject to stress analysis using recognised piping codes. This analysis could
be empirical or based on computer modeIs, depending upon the confidence to cover all the load cases:
operational (thermal, weight, internaI pressure or vacuum, etc.) and accidental (surge loads,
earthquake, settIement, etc.). The confidence in the results shaìl be documented.

Speciai measures shall be taken into account in order to absorb dìmensìonal variations of pipes linked
with changes of temperatures, e.g.:

expansion loops;

hinge type compensators capable of oscillating about its longitudinal axis (ca. 5°);

hinged systems;

material (e.g. Invar] that are not subject to excessive expansìon/shrìnkage.

It is recommended that bellows expansion joints be avoided in process lines.

Special care should be taken for small branch connections to headers to avoìd any rupture or buckling
of the main headers where these have thin walls, due to the application of externalloads.

In case of plant expansion and new lines interconnected with the existing piping system, the pipe stress
analysis shall cover the existing piping system as a minimum up to the first anchor points, on each line,
where ali freedom degrees are blocked. In case of vibrating lines the vibration analysis shall extend in
accordance with the vibratìon/pulsatìon studi es recommendations.

In case of plant debottlenecking or revamping, any change in the piping system that could affect the
pipe behaviour, stability or integrity shall be subject to a new pipe stress analysis. In case of vibrating
lines, any change that modifies the pipe natural frequency shall be subject to a new vibration analysis.

9.5.3 Flexible hoses

Flexible hoses may be used to make small temporary connections for the transfer of LNG and other
cryogenic liquids such as refrigerant and liquid nitrogen, for example when emptying or filling road
tankers of LNGor liquid nitrogen and they can also be used for transfer operations between small LNG
carriers and LNG satellite plants. The use of fIexible hoses shall be in accordance with the hazard
assessment (see Clause 4).

Flexible hoses shall not exceed 15 m in length and 0,5 m3 in volume. Their nominaI pressure shall be
limited to PN 40.
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Flexible hoses shall not be used for the routine transfer of LNGbetween large LNGcarriers and shore at
conventional LNGterminals.

Flexible hoses shall be designed in accordance with relevant codes and/or standards, such as EN 12434.

9.6 Valves

UNI EN 1473:2016

Valves shall be designed, manufactured and tested in accordance with EN 12567.

Cryogenic valves shall comply wìth the requirements of EN 12567. Cryogenic valves shall be
capable of operating even in the presence of ice.

In-lìne split body valves are not recommended in cryogenic services.

Valves to be installed in cryogenic hydrocarbon service and toxic systems are recommended to
have butt-welded ends.

It ìs recommended that cryogenic welded valves be design ed to enable the maintenance of the
internai components without rernoval of the valve body from the line,

Valves in hydrocarbon service shall be fire safe according to EN ISO 10497.

The number of valves should be limited to reduce the potential for leakage. However consideratìon shall
be given to the following:

requirements forsectìonal depressurization ofpipe and equipment systems;

safe isolation of LNGor any hazardous fluid sources or specific equipment or tankage;

limitation ofthe volume of LNGor anyhazardous fluid spilt in the event ofa leak.

Emergency shut down (ESD) val ves for equipment shall be Ioeated as dose as possìble to the
equipment.

ESD val ves should not be used as a part of process control system. ESD valves shall be faìl-safe with
pneumatic or hydraulic actuators. Preference is given to failsafe position spring return actuators.
However, if this type is not possible, local accumulators sized for 3 single operations shall be provided.
Actuators and aboveground connecting devices and cables shall be fire proofed (e.g. at 1100 °C during
the time needed to implement ESD,see 14.3).

ESD valves may be used to line up process flows. Closed ESD valves shall only be reset to an open
position locally at the ESDvalve

The ESD valves stroke time shall be compatible with the assumptions made during the hazard
assessment (see Clause 4). The designer shall ensure that any actìons, for. example due to hydraulic
pressure hammer [surges) on the tank or equipment nozzles caused by closing of the emergency shut
down (ESD) valves shall be kept in acceptable limits.

Cryogenic extended bonnet valves shall be installed with the stem in the vertical upwards position or
within 45° of vertical. Before installation in any other position, it shall be verified and tested to show in
the foreseen position that the valve design does not present any risk of leakage or seizure. This
requirement does not apply to small bore instrument isolating valves.

9.7 Reliefvalves

Reliefvalves should be normally installed un-insulated.

Relief valves shall be sized in accordance with the recommendations of [3] and [10] induding the
formula e for heat input from fires.
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Thennal relìef valves for the protection of equipment, piping and hoses from over-pressure resulting
from ambient heat input to blocked in LNGor other light hydrocarbon liquids shall be installed. They
are required where the pressure of the fluid at the maximum ambient temperature ìncluding that
obtained as the result of solar radiation could exceed the design pressure, at least in the following
locatìons:

any volume of pi ping or equipment containing liquid within the section limits of the process plant;

any volume of piping or equipment capable of isolation in particular all of sections pipe between
two valves where LNGor cold gas risks being trapped in storage and (un)loading areas.

The discharge ofthe reliefvalves is dealtwith as defined in 4.5.2.1.3.

When reliefvalves could be isolated from the equipment andjor system that they are protecting special
provisions shall be implemented to ensure that the pressure in the equipment andjor system shall be
continuously monitored and controlled in case ofisolation valve closure. These provisions could be:

interlocked valves in case of several relief valves;

locked or sealed valves with safety management system;

special working procedure under safety pennit system.

9.8 Thermal insulation

9.8.1 Generai

The quality and type of insulation materials shall be determined in accordance with the following
requirements:

their degree of flammability and gas absorption;

sensitivity ofthe insulation materials to moisture;

large temperature gradients;

low temperatures.

The features ofthe insulating materials shall be provided in accordance with the relevant codes andjor
standards.

Low chIoride content insulation shall be used to avoid corrosion of stainless steel.

9.8.2 Piping insulation

Piping systems shall be insulated, where required, to:

minimize energy consumption;

provide protection against condensation andjor frost;

protect employees.

Insulation is provided by applying:

an insulating material;

a vapour barrier, for cold pìpìng, to prevent ingress of moist air leading to condensation and
freezing of water vapour;
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mechanicaIjweather protection, which can also ensure fire resistance where required according to
9.8.3.

When insulation is put into place, precautions shall be taken at:

flanges, in order to previde enough space for the bolts to be satisfactorily tightened and removed;

moving parts ofpiping;

pipe supports and hangers.

Insulation on pipe joints (welds, flanges) should not to be put into piace before proof test of the piping.

Consideration should be given to shop pre-insulated pipe work.

9.8.3 Fire behaviour

When designing multi component insulation systems the fire behaviour of alI components, including
mastic, sealants, vapour barriers and adhesìves, shall be proved and documented to ensure that the
system will not cause the fire to spread and any vapours emìtted shall not cause an unacceptable risk of
toxicity.

9.8.4 Gas absorption

Far obvious safety reasons, porous insulation products likely to absorb gaseous methane shall be
avoided.
9.8.5 Moisture resìstance

Moisture present in insulation systems very quickly impairs the performance of the insulation
materials. For example, 1 % moisture in volume contained in an insulation materiai reduces its thermal
efficiency by 20 % to 30 %.

Water can penetrate into an insulatìon materia! in two different ways:

either in the liquid state;

or as water vapour which condenses within the insulation material.

Some insulation materials are waterproof to a certain extent, but most of them are permeable to gases
and thus to water vapour.

[n order to avoid water vapour ingress, an efficient vapour barrier shall be provided and placed around
the insulation material, except when the insulation is itself water vapour tight.

9.8.6 Differential movements

A water vapour tight insulation system should be achieved. It shall be designed to remain gas tight even
after undergoing the anticipated differenti al movements between the pipe and the various products
that make up the insulation system (induding the vapour barrier(s), coatings, celi fillers, metal jackets).

The joints, mostly contraction joints, shall be designed to resist differential movement cycIes in relation
to both internaI and external temperature variations.

The thickness of each insulation layer shall, if necessary, be limited in order to reduce the shear stresses
due to the temperature gradient between the warm and the cold sìde, to a value less than the maximum
acceptable shear stress, whilst taking into account a safety factor.
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9.8.7 Thickness determination

Thickness should be calculated according to EN ISO 12241 taking into account tbe following
req uirements:

safety (sizing ofthe over-pressure valves);

boil-off limitation, tbis limitation is determined for various reasons:

cast;

sizing ofthe gas treatment equipment (re condensers, disposal flares/vents]:

contrai of surface condensation.

When requested by EN ISO 12241, more precise metbods should be used to accurately predict heat gain
and insulation surface temperature, see for example [20] and [21].

The consequences of condensation are for example:

in temperate or cold zones, outside surface condensation can turn into ice, which can lead to
premature ageing ofthe vapour barriers or protective coatings;

in humid regions, a large quantity of condensation can cause corrosion and has a negative influence
on piant, algae and micro-organism proliferation, which in turn would accelerate ageing of the
vapour barriers or external coatings.

In arder to avoid outside surface condensation on the insulation system, the difference between the
ambient external temperature and the surface temperature shall be limite d, to ensure that the outside
surface temperature is higher than the dew point temperature for about 75 % of the time when it is not
raining.

This limit can be determined far each case based on local ambient conditions.

As an alternative, calculations may be based on the assumptions of Table 4 and for these conditions
calculation shall be performed to show that no eondensation will occur:

Table 4 - Atmospherie eonditions to calculate insulation thiekness ifno loeal data are available

Wind Relative humidity Temperature

(mJs) (%) (OC)

Tropical zone 1,5 85 35

Subtropical zone 1,5 80 32

Desertzone 1,5 70 32

Mediterranean zone 1,5 80 30

Temperate zone 1.5 80 25

Polarzone 1.5 75 20

In case of areas where there is no natural ventilation, "no wind" eonditions shall apply.

9.8.8 Thermal conductivity

The thickness depends on the thermal conductivity ofthe material(s) at temperatures ranging from the
fluid temperature to ambient.
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NOTE Manufacturer's literature and technicaI documents do not always give the thermal conductivity of each
material at cryogenic temperatures.

As far as plastic foams are concerned, this value heavily depends on several factors such as:

density;

bIowing (CFCsare no longer authorised);

moisture;

ageing.

All materials permeable to water vapour are sensitive to moìsture, Consequently, the thermal
conductivity correction applied on the measured values to take this into account shall be greater than in
the case oftemperatures dose to ambient conditions, as the moisture intake is much greater.

The thermal conductivity value used for thickness calculatìon will need to take account of the following
(see also EN ISO 10456):

selection ofinsulation materia]:

water vapour tightness;

dimensionaI changes at cryogenic temperatures, especially in expansion loops;

deterioration;

selection and application of the vapour barrier:

film or eoatings;

single Iayer on the outside or multiple layers;

longitudinal partitioning or not;

quality of the products and source of supply;

reinforcement or not;

risks of deterioration and, if the equipment has been damaged, study of the risk of local or
widespread damage;

resistance to maintenance activity;

climatìc condìtìons:

dry, temperate or tropical zones;

risk of outside thaw;

risk of mechanìcal damage:

foot traffic on piping or equipment;

design and quality of critìcal points such as tees, elbows, supports, flanges, valves, etc.;
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- maintenance quality;

qualification of the insulation contractor:

quality ofworkmanship;

jobsite protection in case ofbad weather;

operating temperature;

variable or constant service temperature;

job complexity:

- number of elbows, connections, valve s, etc.

9.9 Pipe rackJpipe way

Pipes are arranged either on a pìpe-rack or pipe-way. The main and auxiliary process systems shall be
routed in the open air as much as possìble so as to avoìd any confinement of combustible gas.

Supports shall be sized so as to resist the cases of actions defined in Annex F.

Supports shall be protected against the exposure to fire (see 13.2.1) andJor a leak of LNG or cold gas
(see 13.2.2.) ìf requìred by the hazard assessment. .

The ground below the pipe racks shall be suìtably graded and sloped to avoid pooling of rain water and
spilled hydrocarbons.

9.10 Corrosion

Piping systems shall be designed so as to prevent any leak due to corrosion or pitting during the
lifetime of the plant. The choice of materials and corrosion allowances shall be made according to the
operating and environmental conditions (presence of chlorides or sulphurous or nitrogenous
compounds ).

Special measures shall be taken such as cathodic protection and the application of corrosion-proof
coatings adapted to the risk involved (see 12.3 and 16.1).

lO Receptìon/send out of natura) gas

10.1 Metering

10.1.1 Background

Flow metering can be required for fiscal, custody transfer or material balance purposes. The accuracy of
the metering systems shall be suffident for the purpose.

10.1.2 Flow metering

Flow metering shall be conducted in accordance with EN 1776.

Turbine flow meters should be protected against bursting of the primary fìlter,

61
UNI EN 1473:2016



ICAROSRL
UNlstore ~2016 - 389043

EN 1473:2016 (E)

10.2 Gas quality

10.2.1 Background

Natural gas5) should meet nummum requirements for gas quality when entering at the inlet of
liquefaction pIant.. These rninimum requirements should enable to match the expected gas quality at
the outlet of the liquefaction plant, The gas quality sent out to network from a receiving terrnìnal shall
meet the local requirements in particular concerning:

total H2Scontent;

the average calorific value and the Wobbe Index range of the gas.

An domestic gas supplied can be odorized (see 10.3 and Annex M).

Gas arriving in an LNGexport plant may require that certain contaminants be removed before the gas
can be liquefied (refer 12.6).

10.2.2 Gas quality adjustment

Gas leaving the LNG installations shall comply with pipe gas quality parameters such as Wobbe Index,
calorific value and, if required, odour intensity.

Accurate analysis of the existing streams is required to ensure that these parameters are being met.
There shall be on-lìne monitoring and a means of correcting the gas quality parameters, should it be
anticipated that it could go out of the required range.

This correction can be carried out by the addition of propane or butane to low calorific value streams
(such as boìl-off] or air/nitrogen to high Wobbe Index streams (such as "aged" LNG).

NOTE It can be more cast effective to produce an LNG of a quality that will not go out of the required range
within the normal storage period than to adjust the gas qualìty at the send out

Accurate metering, analysis and control systems are required to ensure corrective actions can be taken
rapidly and smoothly.

10.3 Odourizing

Odourization storage and ìnjectìon equipment may be provided at installations where required either
by loeal regulation or at the client's request for gas enteringthe supply system.

Specifications for the charaeteristics of odourants, construction and operation of odourization
installations shall be in accordance with relevant standards. If no standard exists, odourization
installations may be designed in accordance with Annex M.

11 BoHoffrecovery and treatment plants

11.1 GeneraI

Boil off recovery plants shall be installed in order to collect LNG boil off due to heat in leak and flash
present in the feed when filling tanks or when loading LNGcarriers.

The vapours shall be safely disposed of through re-lìquefactìon, used as fuel gas, vapour to tankers
(terminaIs only), re-compressed to gas network or as a last resort flared or released to the atmosphere.

Precautions shall be taken to prevent any penetration of air into the boil off recovery systems.

5) Iffeed gas is synthetic or biogas, the same rules shall apply.
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The boil off recovery plants generally comprise:

boil off collection pipe-work;

system(s) ofgas transfertoj from the tanker(s);

boil off gas compressors;

re-condensers and or re-liquefaction system.

11.2 Boil off collection system

This system shall be designed so that no direct emìssìon of cold gas into the atmosphere can arìse
during normal operation.

The system shall be designed at least for the following:

boil off oftanks and ali receivers eontaining LNG;

degassing systems of piping and equipment containing LNG;

gas displaced from a LNG carrier during loading.

The boil off system shall be designed applying the same sizing rules as those defined in Clause 9. The
constituent materials shall have cryogenic properties (the boil off gases can reach temperatures cIose
to -160 "C], The lagging ofpipes shall be ofthe same thickness as that oflowpressure LNG pipes ofthe
same diameter, unless the boil off ìs routed to the flarejvent system (see 11.6).

The maximum working pressure of the boil off system shall be compatible with the maximum pressure
capable of arising at the time of the opening of the degassing system or be equipped with a double
pressure limiting devi ce.

Valved drain points, connected to the drain system shall be installed at low points of alI main lines or
flare lines (upstream of flare knock out drum).

The connections between the tanks and boil off collectìon system are recommended with valving and
instrumentation enabling:

isolation of a tank;

reduction of the pressure of one tank, without altering the pressure of the others;

the measurement of any boil off rate reductìon each tank, as part of the strategy far roll-over
prevention as described in 6.9.1.

11.3 System or gas return to tanker( s) or to export terminai

The system connects the boil off collection system to the vapour return arm of the jetty.

lt shall provide for the transfer of gas from the tanks to the LNG carrier or reverse, in order to
compensate the volume of liquid displaced during unloading or loading, and the collection of boil off
from the tanker while it stays at the jetty.

If necessary, a blower or booster com pressar can be used.

The pipes shall have the same characteristics as those ofthe collection systems.
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11.4 BoHoff gas recovery

The boil off gas can be:

re-ltquefìed:

re-condensed in the LNGsend out prior to vaporization;

used as fuei gas;

re-compressed and sent to gas network.

In receiving terminals, the boìl off gas is usually compressed and cooled, then introduced into a re-
condenser where it is re-liquefìed in contact with ali or part of the send out flow of Iow pressure LNG_

The re-condenser shall be designed in accordance with EN 13445 (ali parts) and shall be made up of
materials with cryogenic characteristics. lt shall be insulated.

11.5 Gas compressor

The compressors shall be equipped with systems to limit the pressure downstream to avoid the risk of
exceeding the maximum design pressure of the equìpment that is installed downstream.

Gas compressors shall be equipped with a shut down sequence either manually or automatically
initiated which enables them to be isolated in the event of serious damage.

Adequate ventilation shall be provided in any space of a gas compressor, such as the crankcase, that
could become over-pressurìsed. Vents shall be led to a safe area.

11.6 Flare/vent

11.6.1 Generai

Ali emissions to the atmosphere shall be monitored, controlled and registered.

The facilities shall be fitted with a flare or vent system(s).

The flare or vent has two conditions: the normai and accidental flows.

The normai flow rate resuIts from ali operating configuration modes, either steady or transient, nominaI
or downgraded, but staying within the facility initial design intent.

The accìdental flow rate is the highest flow rate that resuIts from an uncontrolled andjor unplanned
event which may oceur during operation. It is the sum ofthe normai flow rate and the highest total flow
related to other possibie uncontrolled junpIanned scenarios that may occur simultaneously.

The hazard assessment shall determìne the combination( s) of events which may actually occur
simultaneously without double jeopardy (simultaneous unrelated events).

If for any reason, some downgraded situations are not included in the "normal flow rate" (e.g.
commìssìonìng, cooling down ofwarm LNGtanker from dry dockìng, etc.) the designer shall check that
the reiated flow rate added to the normal flow rate is lower than the accidental flow rate.

The conditions that cause these flows vary significantly between LNGimport and export terminals.

The Iayout of the flare/vent shall respect the radiation flux levels defined in Table A.3 and where
practicable shall be chosen aceording to the prevailing wìnd in order to minimize the risk of the flame
being reached by a flammable gas cloud (flare) and flammable gas cloud reaching an ignition source
(vent).
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11.6.2 For import terminaI

The facility is designed around the premise of no continuous flaring or venting, 4.2.4. Under accidental
conditions a flare or vent shall safely dispose of all envisaged flows. The two indicative flow-rates,
norma1 and accidental, are identified and defined as:

the normal flow rate which ìs the sum ofthe flow rates defìned in 6.7.2, exc1uding roll-over, and the
boil off gas due to heat input of all receivers containing LNG [pìpes, drain drums, etc.). This flow
rate is intermittent by deftnition;

the accidentai flow rate, which ìs the greater ofthe two following combinations:

normai flow rate and flow rate at the outlet of the safety relief valve of one vaporiser as defined
in 8.1.6, ìf it is connected to the same flare/vent system;

normal flow rate and flow rate at the outlet ofthe reliefvaives of one tank as defined in 6.7.3, if
theyare connected to the same flare/vent system.

The flare/vent shall be sized for the maxìmum gas flow rate that can be envisaged, i.e. accidentai flow
rate. If the relief valves of tanks and vaporisers are not connected to the flare /vent system, alternative
flow condìtìons wtll form the basis of the accidental flow rate. This typically can include one or a
combination of the following:

normai flow rate, 6.7.2, ex~luding roll-over:

emergency loads such as depressurizìng loads:

one or more abnormal operating loads such as:

unloading of an LNG carrier without returning gas displaced from the storage tank to the
carrier for some reason;

cool down of the LNGcarrier tanks;

off-spec gas that cannot be recovered and has to be flared/vented.

High-pressure gas release may be routed to a separate flare/vent, for example the flow rate from the
relief valve of one vaporiser which for the situation ìs considered to be the accidental tlow rate.

11.6.3 For export terminaI

The events creating the accidental loads on the flare/vent shall be tabulated in a relief and de-
pressurizing summary to establìsh the accidental flare/vent load.

Relief loads arising from control valve failures and blocked flow outlets are often defining the accidental
load cases.

Normal loads arise from any event that is under the control of the operator plus loads due to heat
leakages and loading operation.

Often a separate low pressure flare is provìded for the storage and Ioading area.

Export terminai often have "wet" and "dry" flare systems.

Wet system carries gas with significant water content.

Dry flare systems are for cryogenic quality gas.

Acid gas flare systems are sometimes provided.
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12 Auxiliary circuits and buildings

12.1 Electrical equipment

12.1.1 GeneraI requirements

Ali electricai equìpment, instrumentation equipment and installations Iocated in hazardous area (see
4.5.2.1.2) shall be in accordance with the EN 60079/ IEC60079 series according to CIause 2.

A study should be undertaken to define the required IP classification far electrical equipment as
specified in EN 60529 and EN 60034-5.

12.1.2 Main electrlc power supply

The plant may eìther import electrical power from the local grid or generate its own power, or a
combination of the two cases.

If power is imported from the local grìd, it is preferred that there are two independent incoming power
lines to maìntaìn supply integrity. The power supply to the pIant system should be reviewed to identìfy
any point where the independent lines may join or where there is a risk to both independent supplies
from a common mode failure.

The incoming lines shall each be rated to:

a) carrythe full load ofthe LNGpIant;

b) enable at any time the starting of the Iargest motor on the plant witbout excessive voltage drops at
the main bus-bars or the other motor terminals.

Grid transmission voltage is stepped down to site voltage at the entry to the plant by power
transformers. The transformers shouId each be capable of supplying the full Ioad of the plant,

Where the plant generates its own power without connection to a grid, the power source shall have
spare capacity to allo w one power generating unit to be off line and stili maintain the necessary power
to the plant.

Where the plant generates its own power there shaii be provision to start the plant up from complete
shutdown. This is often called a "black start". Start up procedures shall consider that the normai fuel to
the power generation units may be unavailable at a biack start.

The owner should consider if a stability analysis of the electrical system is required, particularly ìf
variable speed drives are used. The effect of a short duration voltage dip should be considered.

12.1.3 Emergency Power Supply (EPS)

An Emergency Power Supply shall be provided. It shall be designed to ensure, in case of failure of tbe
main electrical power supply, ali the vitai functions for tbe safety of staff and the faciIity are maintained.

The capacity of the emergency electricai power shall be adequate to bring the plant to a controlled and
orderly shutdown state in the event of total Ioss of power supply. The designer shall ìdentìfy allloads on
the emergency generator.

In case of plant expansìon, the EPS capacity shall be checked to ensure that the minìrnum loads are stilI
covered. .

As a minimum it shall:

provìde power for one in-tank pump;

ensure tbc LNGcarrier can cease a transfer operation and leave tbe berth ifrequired;
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rnaintain all safety critical: loads (process instrumentation, fire and safety equipment and
associated systerns, MOV's (Mechanically Operated Valves), telecoms, warning lìghts, essential
lighting, etc.);

start and run the firewater jockey pumps;

maintain sufftcient power to the electric cìrcular ring of the heating (if fitte d) of the LNG storage
tanks foundations, in case of above ground tank or to the needed electrìcal heating systems in case
of inground tank;

previde an instrument air and/or nitrogen suppIy ifrequired for safety functions.

Emergency generator shall have a minimum of 24 h fueI supply in the "day tank" sited at the generator
and be capable of being refuelled when running.

The designer shouId establish if mai n equipment items need a power supply to ensure safe shut and
cool down.

12.1.4 Uninterruptible Power Supply (UPS)

An Uninterruptible Power Supply shall be provided.

[t shall provide power to criticaI control and safety systems so that the plant may be kept in a safe
condition for a minimum of 60 min.

In case of pIant expansion, the UPS capacity shall be checked to 'ensure that the minimum autonomy is
stili maintained.

12.1.5 Lighting

Lighting shall be provided in pIant areas where safe access and safe conditions for work activities ìs
required at night.

An emergency battery Iighting system shall be provided to alIow the safe escape of staff from accessibIe
areas of the piant in the event of a power and essential lighting failure, or an ernergency situation.

12.2 Lightning and earthing

12.2.1 Lightning protection

Lìghtning protection shall be in accordance with EN 62305 (alI parts).

The following installations shall be, as a rninimurn, protected against lightning:

tanks and their accessori es;

marine transfer arms;

buildings;

flares and vents,

12.2.2 Earthing circuit

Earthing shall be in accordance with CENELECstandards, in particular HD 60364-$-54.

The design shall ensure personnel protection and avoid potential difference between metallic
components and the possibility of spark generation in hazardous areas.
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12.3 Cathodicprotection

AlI undergroundjsubsea metalli c parts shouId be protected where necessary against corrosion using
appropriate coating andjor cathodic pro te etion in accordance with the relevant codes andjor
standards.

In case of plant expansion, the anode beds shall be checked to ensure that the minimum loads are still
covered.

12.4 Warning lights

Tanks and other elevated structures shall be fitted with warning lights to comply with air and safety
navigation regulations.

The jetty shall have navigationallights in accordance with Iocal marine regulations.

12.5 Seawater supply

12.5.1 Materials

Materials shall be carefully selected in terms of fluids and the site environment.

Partìcular attention shall be paid to the compatibility of materiaIs to avoid any galvanic corrosion.
12.5.2 Water pumpìng

lt is recommended that the number and sizing of cooling water pumps or seawater pumps is such that
unavailability of a pump of the highest rated capacity will not prevent the water requirements of
exchangers and cooling services from being met.

The design of the seawater intake often requìres detailed study to ensure that the filtration and
hydraulic requirements of the seawater pumps are correctly addressed.

Filtration shall be provided in accordance with pump and related equipment manufacturer
requirements.

Water circuits are susceptible to internaI corrosion andjor fouling by natural organisms. Measures to
prevent this should be fitted if required. The discharge of water treated with antì- corrosion and anti-
fouling chemicals shall be in compliance with the discharge permit(s) far the plant (see 4.2.1, 4.2.2 and
4.2.3). The discharge temperature ofthe water shall be in compliance with the discharge permit(s).

12.6 Gas contaminant removal piant

Some liquefaction pIants require gas treatment to remove gas contaminants such as mercury, sulphur,
carbon dioxide, mercaptans and aromatics from the incoming gas.

Facilitìes and procedures shall be in pIace for the secure handIing, storage and recycling or disposal of
these materiaIs and their removal media if required.

Material Safety Data Sheets for the absorption and reactant media shall be provided and shall state
specific requirements for safe disposai or recycling of the material in a "used" or "spent" condition.

12.7 Instrument air

When instrument air is used its supply shall be reliabIe. This shall usually mean the provision of at least
two air compressors each capabIe of suppIying the total requirement.

Instrument air supplies shall be guaranteed for the time interval needed to put the piant in a safe
condition on failure of the main power source. This shall be for a mìnìmum of 3 min. This may be
achieved by for example, providing air receivers to provide the necessary storage.
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If the instrument air compressors are electrically driven, at least one, capable of supplying the total
requirements, should have its power supplied from the emergency power supply,

The air shall be dried to a dew point cornpatìble with the plant minimum ambient temperature
condìtìons. The dew point shall be at least -30 °Cand 5 DC below ambient temperature (both referenced
to atmospheric pressure).

The instrument aìr system is to be independent of the plant air or service air systems.

12.8 Fuel (utility) gas

An LNGplant may be equipped with a fuel gas system. The main applications depending on the type of
the pìant are the following:

gas fired vaporizers;

gas turbine or gas engine drive n compressors and generators;

steam boilers and process heaters;

tank safety, as vacuum breaker gas;

flare pilot gas and purge.

Fuel gas used withìn the plant shall not be odorized. Leak detection shall be provided by the gas
detection system as 13.4.' ,

12.9 Nitrogen system

Nitrogen can be produced on site or delivered as liquid nitrogen by road or rail.

Certain process conditions such as molecular sieve regeneration or for injection as a component in a
make-up stream may require that a high quality nitrogen supply ìs used.

The nitrogen is used mainly for:

gas treatment (calorific value adjustment);

pressurizatìon:

equìpment, LNGtank ìnsulatìon space and piping purging;

drying and inerting;

rapid extinctìon of flares and vents;

cooling;

refrigerant cycle make up,

The liquefied nitrogen pipe-work shall be designed with cryogenic materials in accordance with
recognized IDeaIcodes andjor standards, examples of acceptable materiaIs are given in EN ISO 16903.

Cross connection between gaseous nitrogen systems and air systems is not permitted for safety
reasons.
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12.10 Buildings

UNI EN 1473:2016

Building design and construction shall comply with the requirements of hazard assessment
(see 4.4.2.5), the following standards and with local regulatìons, especially for seismic design:

EN 1992-1-1;

EN 1993-1-1;

EN 1994-1-1;

EN 199B-1.

For the electrical installations of buildings, see also [11].

Where identified in the hazard assessment, buildings shall be pressurized (see EN 60079-13
guidelines). Forced ventilation air intakes for buildings shall be fitted with gas detectors to shut down
ventilator fans and ìnhìbit start up to avoid any risk of sending gas into the building.

The permanently manned control rooms shall be designed to enable occupation for sufficient time for
the emergency procedures to be put into effect and to permit evacuation to a safe location. The heating,
ventilation and air conditioning system shall be designed to suit the possible received radiation flux
(see 4.4.2.5 and Annex A).

Where buildings are designed for blast over-pressure the design shall consider the risk to personnel
caused by the blast wave entering the bullding through ventilation inlets and outlets. .

13 Hazard management

13.1lnherent safety

13.1.1 Provision for miDÌlDUlD safety spacing

The safety spacing shall be calculated considering possible fire radiation levels and gas dispersion
zones, The allowable exposure levels are specified in Annex A. Safety distances between LNG tanks,
process units, control rooms etc. shall comply with the minimum requirements to achieve these
threshold values.

13.1.2 LNG Plant layout

The siting of an LNG plant with respect to the surroundings shall be covered by a site location
assessment, see 4.3.2.5.

The following clause concerning the plant layout uses the terms "hazardous areas" and "hazard affected
areas", In this context the hazard affected areas are those areas where those events descrìbed in 4.4
could arise. The term hazardous area applies specìfìcally to those areas that are defined in 4.5.2.1 b).

The LNG plant shall be laìd out to provide safe access for construction, operation, maintenance,
emergency action and comply with the layout requirements identified in the Hazard Assessment
according to 4.4.2.

Separation distances shall take into account, in particular:

radiation flux levels:

lower flammability lìmìt contours;

noi se;
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- blast effects.

The prevailing wind direction shall be considered in LNGplant layout. Where practicable, buildings and
ignition sources should not be downwind of possible accidental and planned releases of flammable
materials. They shall be located outside hazardous areas.

Plant buildings should be sited outside the hazard affected areas or designed to resist these accident
scenarios. The building's level of occupancy shall also be part of this evaluation.

The central control room shall be located outside process areas and should be outside hazardous areas,
Furthermore, it shall be designed to operate during and resist those accident scenarios that have been
identified in the Hazard Assessment.

For all equipment, such as air compressors, fired process equìpment, gas turbines, diesel driven fire
water pumps and emergency generators, the air intake shall be located outside zone O and 1 areas. Air
intakes shall be fitted with gas detection which will trip the equipment.

The spacing between two adjacent tanks shall be the result of a detailed hazard assessment Thls shall
be a minimum of half the diameter of the secondary container of the larger tank.

Additional guidance on plant layout ìs given in the following reference [8], [9] and r49].

13.1.3 Escape routes

Escape routes shall be provided for ali plant areas where a hazard to personnel may arise. Escape
routes shall be laìd out to encourage an intuitive response from personnel to lead them from high
hazard areas to Iow hazard areas and shall consider that there may be some panic in an emergency
situation. The design shall take into account the fact that when LNG is spilled a "fog" is created by
condensation of atmospheric humidity.

13.1.4 Conftnement

Confined or partially confined zones shall be avoided as far as possible, in particular:

gas and LNG pipe-work shall not be situated in enclosed culverts when it is possible to avoid this
for exampie where road bridges cross pipe ways;

the space situated under the base slab of raised tanks, if any, shall be sufficiently high to allow air to
circuIate;

where cabie culverts are used they shall be filled with compacted sand and covered with flat slabs
featuring ventilation holes to minimize the possibility of f1ammabie gases travelling along the
culverts through voids above the sand. As the sand settles the slabs will sink. They can be restored
to their originaI elevation by adding sand.

13.1.5 Direct accessibility to valves and equipment

This is achieved by providing in the plant all the required safe accesses, paths, staircases (/ladders) and
platforms, as requìred by the Iayout review(s) 4.5.3.

The road system should be developed to provide a direct access for the firefighting trucks and other
emergency response vehicles.

13.1.6 Selection of appropriate electrical components according to the classifted area

Electrical equipment to be installed in hazardous areas will be qualified in accordance with EN 60079 /
IEC60079 series according to Clause 2.

Availability of required certificates shall be carefully checked on an indivìdual basis.
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13.1.7 Spillage collectìon, including paving in hazardous area

Restricting the extent of a potential LNGor hydrocarbon leak is achieved by:

limiting the volume of the possible accidental spills;

containing these spills within deflned impounding and spill coIlection areas, to prevent their
spreading to other areas of the piant or outside the piant boundary and minimizing the vapour
cloud dispersion distance;

making provision to properIy remove rainwater whilst LNGor hydrocarbon spill will be contained
in the collecting systems and wiI! not ingress into drains or other water courses;

controlling Ieaks and spillage.

Where dispersion calculations show that a leak can escaiate to a more serious incident fixed Ieak
detection systems with advisory or executìve action to stop the leak source, are required to isolate
sections of piant and to shutdown sources of ìgnition.

The design of impounding basins shall be such that flammable fluids cannot enter the surface water
drainage system. Spill detection devices and means to control the evaporation rate (e.g. foam
generation see 13.6.5) shouId be provided. These channeis and the impounding basin may be lined with
an insulating Iayer to limit evaporation (see EN 12066).

Separation systemsrelyìng on the differential densities of water and LNGare not acceptable.

13.1.8 Retention systems in process and transfer areas

Liquid spills within process and transfer areas shall be confined within a spill collection area and shall
be drained to an impounding basino

Subject to the results of risk analysìs, the impounding basin may be located in the vicinity of or remote
from, the spill collection area The spill collection area and the impounding basi n shall be connected by
open channel.

For process areas, the spill collection system or impoundìng basin capacity shall be at Ieast 110 % ofthe
largest expected spill according to the risk analysis performed. Flash may be considered for capacity
calcuiation. In case of piant expansion or plant debottienecking, the spill collection system and
impounding basin capacity shall be checked to suit the new inventories.

At transfer areas and in the interconnecting pìpe-work, where there is a potential for leaks (valves,
equipment or instruments), the impounding basin capacìty shall be determined by risk analysis
considering potentialleak sources, flow rates, detection systems, manning levels and response times.

13.2 Passive protection

13.2.1 Fire proofing

Fire proofing shall be used to protect equipment, typically: ESDvalves, safety criticai control equipment,
vessels containing quantities of liquid hydrocarbon and structural supports, which on failure would
escalation the incident andjor endanger the activities of emergency response personnel. Equiprnent
which can receive thermal radiation, in excess of that defined in Annex A, for a sufficient period to cause
failure shall be provided with fire proofing protection. The fire prooflng shall provide protection for the
duration of the hazard event but shall as a minimum provide 90 min protection.

Fire protection in the form of insuiation or water deluge shall be provided for pressure vessels, which
can receive thermal radiation fluxes in excess of that defìned in Annex A, to prevent such vessels faìlìng
and releasing superheated liquid, which can result in a BLEVE,(see EN ISO 16903).
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It shall be recognized that pressure vessels subject to radiation from a major incident such as an LNG
tank fire shall require protection for much more than 90 rnìn Protection for long duration incidents
may not be achieved by insulation and a water deluge system is required.

The calculation of water deluge, insulation for fire protection of structures, etc. as protection against
fires shall be performed for the fluid which gives rise to the highest radiation flux,

Fire proofing can be provided by:

preformed or sprayed concrete;

insulation materials made ofminerai fibre, cerami c, calciurn silicate or cellular glass;

intumescent coatings.

Fire proofing shall be designed and executed in accordance with the appropriate standards (see [7] and
[31]).

13.2.2 Embrittlement protection

The effect of low temperature fluid spills on adjacent plant, equipment and structural steel shall be
assessed and measures taken to prevent incident escalation andjor endangerment of emergency
response personnel, through suitable selection of rnaterials of construction or by embrittlement
protection.

Such protection shall be achieved by an appropriate material selection (concrete, stainless steel, etc.) or
by a insulating with material that wiU protect the equipment and structural supports from cold shock.
Insulation shall be designed and installed in accordance with appropriate standards and provision
taken to protect outer surfaces from wear and tear.

Equipment and structurai support elements shouId be protected in such a way that their function and
form are not adversely affected during the plant operation.

13.3 Security

The security should be covered by:

Anti-intrusion

The anti-intrusion system should be installed along the fences to monitor undesired ingress in the
pianto

Access controi

An access contro! systern shall be installed in order to control the access to the various areas of the
plant.

It may include badge readers, intercom, door contacts and anti-intrusion sensors.

The access control system will consider the different access levels (control roorns, process areas,
generai facilitìes, etc).

The security control system should be linked to the CCTVto allow remote monitoring.
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13.4 Incident detection and signalling

Systems shall be provided to detect possible accidental events, which could occur in the plant.

The arrangement of detectors shall be such as to always provide redundancy and to prevent false and
spurious alanns. Voting technique arrangement may be used.

Events may include:

Earthquake

Where applicable seismic acceleratìon monitoring shall be provided, giving signals to automatically
initiate the plant shutdown when the earthquake reaches a pre-defined leve]. This pre-defined level
is chosen by the operator.

LNGspillage, gas leakage, flame and smoke

These detectìon systems are inteuded to rapidly and reliably detect any LNGspillage or flammable
gas leakage and any fire condìtìon in the plant.

Continuously operating deteetion systems shall be installed at every loeation, outdoors and indoors,
where leaks are credìble,

The following detection devices may be provided:

LNGspillage detection;

LNG spills should be detected by low temperature sensors, for example, resistance type
devìce's or fibre optic systems. The sensors shall be, protected against accidental damage;

Flammable gas detection.

The flammable gas detectors may be ofthe infra-red type, or of equìvalent performance.

Along criticaI fences, open path type gas detectors may be installed.

For location of gas detectors, see [27].

Flame detection

Flame detectors should be proven in the detection of the type and size of fire predicted tlame
detectors may be of the ultravioletjinfrared (UVjIR) type, or equivalent performance.

Heat deteetion

High temperature detectors should be provided for protection of tank relief valves fires and
activation of tailpipe extinguishing package( s) if provided.

The heat detectors may be of the high temperature thermistor strip type, of the temperature-
sensitive pneumatic type, or equivalent performance.

Smoke detection

Smoke detectors may be ofthe double ionization chamber type, or equivalent performance.

Manual call points
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Manual calI points shall be provided in the hazardous plant areas, typically those plant areas
covered by flame andjor combustible gas detectors, and provided on likely escape routes from
these areas.

CCTV(Closed CircuitTelevision Camera) monitoring

Remote operated cameras should be installed for viewing ali events which could oceur in
hazardous and unmanned areas.

Under abnormal circumstances the operator should have the ability to use these CCTVsystems to
analyse the situation.

The system shall be considered as a priority load and is connected to the UP$ system. The system
should automatically respond to alarms, and focus information presented on VDU's in the
appropriate control room( s).

Communieation system

The control room operators shall be able to communicate with field operators via the terminaI
eommunication systems (specific mobile phones and radìos],

Special consideration shouId be given to buildings with high noìse levels where vìsual alarms
should also be installed.

A cornbinatìon ofvisual and sound alarms shall be installed in alì plant locatìons,

Direct communication Iìnks should be available with the Port Authorities, the LNG carrier and the
pipeline dispatching centre.

13.5 Emergency Shutdown System

The ESDsystem, which is fully described in the Clause 14, includes:

a Safety Control System (SCS);

a Fire, Spill and Gas Deteetion System (FSGDS).

The alarms initiated by the Fire, Spill and Gas Detection System (FSGDS)are reported by and perform
the required automatic aetions via the Safety Control System (SCS).

The SCS interface system gives the operator detailed information on areas involved in the hazardous
event, type of hazard, concentration of gas, where in the area (if applicable), detector or loop ìnvolved.
status of fire water pumps, status of protection systems, status of HVACequipment involved (fans,
dampers, etc.), wind force and direction, temperature and relative humidity, system faults, reduced
safety in the fire zones.

The alarms received in the control rooms, details of automatic actions taken by the SCS together with
detailed incident information and CCTVcoverage, aid the operators in selecting appropriate operator
controHed actions, such as:

shut down or ìsolatìon of the process system involved;

activation of appropriate remote operated fire protection systems;

initiate emergency actions by operators with mobìle/portable firefighting material.
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13.6 Active protection

13.6.1 Active protection deftnition

The actìve protection should include:

fire water mains network, with hydrants and monitors;

spraying systems;

water curtains;

foam generators;

fixed dry chemical powder systems;

firefighting vehide( s);

portable/mobile fire extinguìshers,

13.6.2 Fire water system

Water is employed in many firefighting systems, and has particular uses on an LNGplant. However, LNG
pool fires are neither controlled .nor extinguished by water. Application of water on a liquid surface will
increase the vapour formation rate thus increasing the burning rate with negative consequences on fire
control. On an LNG plant, under fire conditions, water may be used in great quantities for cooling
storage tanks, equipment and structures which are subject to flame impingement or heat radiation due
to a fire. As a result, the risk of escalation of the fire and deterioration of equipment can be reduced by
early and concentrated cooling.

Plant surface water and fire water drainage systems and LNGspill collection systems shall be designed
to mìnìmìze the possibility of fire water increasing the vaporization rate of any LNG spill. This may be
achieved by plant area and fire water systems segregation. In the event that firewater run-off is
contaminated provision shall be made to prevent the pollution of natural water-courses,

As a minimurn, two fire water pumps shall be installed. Independent power sources shall be provided in
such a way that full capa city can be delivered, taking into consideration the unavailability of one pump.

Fire water networks should be provided around ali sections of the plant. Water supply systems shall be
designed in independent sections so that in case of maintenance or damage of a section the water
supply to other sections is not interrupted. Both fire pumps should not discharge to the network
through a single header.

All these networks, including fire hydrants shall be maintained primed under a minimum pressure at all
points for example by means ofjockey pumps or an elevated tank.

Special provisions shall be taken to avoid any damage due to freezing; such as tracing.

Water supply systems shall be able to previde, at firefighting system operating pressure, a water flow
not less than that required by the firefighting systems involved in the maxìrnum single incident
ìdentìfìed in the Hazard Assessment in 4.4 plus an allowance of 100 1/s for hand hoses. The fire water
supply shall be sufficient to address this incident, but shall not be less than 2 h.

LNG plants (particularly impoundìng basins) shall be equipped with drainage systerns capable of
draining the volumes of water generated by these systems.
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13.6.3 Spraying system

The importance of cooling each equipment item and the amount of water required will depend on the
hazard assessment (see 4.4).

Where required, spraying systems shall distribute the water flow evenly onto the exposed surfaces. In
this way equipment subjected to radiation shall not reach unacceptably high local temperatures.

Recirculation of used water may be considered where practìcable and shall depend on its ability to
remove the transferred heat in a fire oflong duration while keeping the integrity and working ability of
the unito Precautions should also be taken to ensure that flammable materials are not returned with the
re-circulated water.

The calculation of the incident water flow on each unit shall be carried out on basis of received
radiation flux for each scenario defined in 4.4 using appropriate validated models in arder to limit the
surface temperature consistent wìth the integrity of the structure.

13.6.4 Water curtains

13.6.4.1 GeneraI

Water curtains may be used to mitigate gas releases and protect against radiant heat.

The aim of a water curtain system is to rapidly lower the gas concentration of an LNG vapour cloud in
arder to attain the lower flammability limit of gas in air.

Water curtains transfer heat to the cold natural gas cloud through contact between LNG vapours and
water droplets.

In addition water curtains entrai n large volumes of air that transfer additional heat, dilute the LNG
vapour cloud, thus enhance its buoyancy thus facilitating its dispersion.

The effectiveness of a water curtain is reduced as the wind speed increases, but natural dispersion is
increased at high wind velocities.

Effective performance of water curtains is dependent on many different conditions, ì.e, nozzle type,
water pressure, nozzle location, nozzle spacing.

Water curtains are known to mitigate heat radiation and gas doud dispersion incidents. However they
cannot be relied upon as the primary means of protection.

Water curtains could be installed at impounding basins to assist vapour dispersion. The design at the
impounding basìn should minimize the potential for water from the water curtains draìnìng into the
impounding basino

13.6.4.2 Characteristics and location

It ìs recommended that water curtains are positioned as required by the hazard assessment, 4.4.

Water curtains can be located as dose as possible to the area of possible spill and concentration of LNG
taking into account plant requirements. The possibility of water curtain droplets entering the
impounding areas should be minimized in order to avoid an increase in the LNGevaporation rate.

Water curtains may be positioned around the impounding areas. In this way they act as a barrier for
cold natural gas clouds originating from LNGleaks.

Nozzle spacing should follow vendors' recommendations.

13.6.4.3 Supply system and volume offlow

The recommended volume flow rate ofwater ìs 70 I/min/m run.
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13.6.5 Foam generation

Fìrefighting foams can be used to reduce the heat radiation from LNG pool fires and aid safer gas
dispersion in the event that the leak does not ignite. The extent of their use will depend on the hazard
assessment, see 4.4.

Foam generators shall be specifically designed to operate when engulfed in an LNG fire, unless the
design of the system is such that the generator ìs protected from excessi ve heat flux. The design of the
system shall prevent water in a liquid form from entering the impounding area.

Foam to be used shall be dry powder compatible and proven suitable with LNGfires in accordance with
EN 12065. Typical expansion ratios shouId be in the order of 500:1.

LNGimpounding basins or areas should be fitted witb fixed foam generators to enable rapid response
and remote activation.

The volume of foam flow for LNGimpounding basins or areas shall be determined in accordance with
EN 12065 in order to reduce heat radiation, taking into account the possible failure of one generator
and also the destruction rate of the foam due to fire. A foam retention device may be placed around the
impounding basin or area where there ìs a risk of foam loss due to wind.

Foam agent reserves shall be situated in a pIace sheltered from heat radiation (from fire and salar).

The foam agent storage capacity (Q) shall be at least equal to the sum of the following quantities:

where

Q1 =txrxS

t is the foam agent procurernent time (hours), (with a ceiling at48 h);

r ìs the foam agent destruction rate (metres/hour) (for example r = 0,11 m/h);

S is the largest area to be covered (square meters);

Q2 is the quantity necessary for periodic foam system tests. In the absence of other information, operation
of the foam agent pumps at the maxìmum flow rate for 15 min is to be taken for determining this
quantity;

Q3 is the quantity necessary for first layer build-up.

13.6.6 Portabie foam equipment

The requirement for portable foam equipment shall be defined by the Hazard Assessment, 4.4. When
provided, portable foam - generating equipment connected to the firewater supply shall be equipped
with enough hose to reach the most distant hazard they are expected to protect.

13.6.7 LNGfire extinguishing with dry powder

13.6.7.1 GeneraI

Equipment for LNGfirefighting shall be in accordance with relevant codes andjor standards,

The recommended extinguishing medium for LNGfires is dry powder.

To extinguish a burning pool of LNG,dry powder shall be applied above the surface of the liquid without
allowing the powder to impinge and agitate the surface.
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Agitation of the liquid surface will increase the burning rate due to the increase in vapour formation
instead of extinguishing the fire.

To achieve optimum resuIts in extinguishing an LNG fire, the fìre's total area shall be covered
immediately and all at once. Otherwise, residual flames of LNG pool sectors can rapidly re-ignite gas
emanating from the extinguished sectors. In addition, provisions shall be taken to cool any structure
surfaces which could re-ignite the gas.

It is recommended to have enough quantity ofpowder to alIow a second shot in case of a re-ignition.

13.6.7.2 Types ofdry powder

The dry powder shall be proven suitable far gas fire extinguishing; foam compatibility shall be in
accordance with EN 12065.

Dry powder may be of one of the following types:

based on sodium bicarbonate;

based on potassium bicarbonate.

13.6.7.3 Location of dry powder systems

Dry powder systems should be installed in an LNG plant near points of possible LNG and hydrocarbon
leakage with regard to the hazard assessment and typically near the following units:

loadingjunloading areas (as specified in EN ISO28460);

LNG pumps;

ESDvalves;

tail pipes oftank PSV (fixed systems).

13.6.8 Portable/mobìle fire extinguishers

The following types of extinguishers are foreseen:

foam type extinguishers in area where oil may be present (compressors building, hydraulic unit of
transfer arms at the jetty);

carbon dioxide type extinguishers in electrical and instrumentation buìldings:

dry chemical powder extinguìshers in process areas.

The fire extìngulshers shall comply with the requirements of the local regulations.

These extinguishers are installed in the eriticallocations along the circulation paths and/or platforms.
Their position shall be on a recognized escape path from the identified hazard they are installed to
mitigate.

13.6.9 Fireflghting vehicle

Where external LNG experienced assistance in case of emergency is not available the plant shall be
equipped with at least one firefighting vehicle to give the required response in case of emergency.

This firefighting vehicle will be fitted with:

- foam system suitable for the anticipated type of fire;

UNI EN 1473:2016
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- dry chemical powder, A·B·e type as a minimum.

Fireman protective clothing suitable far LNGservice (splash and fire) shall be provided.

The vehic1e shall be sufficiently equipped and manned to provide emergency response whilst waiting
far off-sìte support,

13.7 Other requirements

13.7.1Provision to minimize hazards in buildings

This ìs achieved by maintaining a continuous positive pressure ventilation in the electrical and
instrumentation rooms of the buildings located inside the process areas.

In case of gas detection in the process areas, the operators in the control rooms have the possibility to
shutdown remotely the HVACof the affected buildings.

In case of gas detection at the building air ìnlet, the external fans are tripped and the louvers closed in
order to prevent any gas entrance in the electrical and instrumentation rooms where a risk of ignitìon
exists.

13.7.2 Fire cabinets / hoses boxes

An aceessible supply of firefighting equipment shall be located where hydrants are intended far use by
either plant personnel or the loeal fire brìgade,

Equipment shall be stored in cabinets whìch are:

clearly identifiable;

provided with means to securely store equipment;

suitably constructed and protected for the piant locai environment;

naturally ventilated;

located so that personnel can gai n access from a safe area.

Where provide cabinets and their required contents shouId be approved by the loeai fire authority. As a
minimum each cabinet should be equipped with:

two adjustable mìst/solid stream nozzIes:

one hydrant spanner;

four coupling spanners;

two hose coupling gaskets;

four x 15m lengths of fire hose;

a weatberproof lìst of contents.

13.7.3 Terminai firefighting maintenance and training

Fires oecur onIy rarely on terminals but can have severe consequences when they happen.

Accordingly, and with respect to emergency sìtuatìons, the interest of operation personnel shall be kept
high by suitable drills including the use of equipment.
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Proper maintenance of the firefighting equipment is of primary importance. Inspection and
maìntenance shall be incorporated into the terminaI management programmes to ensure that
personnel are famiIiar with the firefighting equìpment, its location and use under emergency
conditions.

14 Control and monitoring systerns

14.1 Generai description

The LNG plant control and monitoring systems shall enabIe as a minimum the operator to:

monitor and control gas processìng and essential auxilìary systems;

be rapìdly and accurately informed about any incident that may lead to a hazardous situatìon:

monitor and control plant safety;

monitor and control of site access and egress;

exchange information internally and externally under both normal and emergency conditions.

Generally, these main plant functions will be performed by:

the process control system;

the safety contrcl system;

the access control system and the anti-intrusion system;

the internaI and external communication networks.

The safety contro Isystem shall be independent from the other systems.

14.2 Process controi system

14.2.1 Principle

The process controi system shall provide the operator with real time information to allo w safe and
efficient operation of the plant,

Some equipment can have an individuaI process shut down (PSD).

Common process parameters can lead to a PSD of groups of equipment; this PSD may be activated by
either process control system or the safety control system.

14.2.2 Process contro I system design

The control system shall have a high reliability and shall be configured to fai! safe.

Failure of all or a part of the process control system shall not cause a hazard situation.

Provisions shall be taken to reduce the consequences of component failure (i.e. common mode failure)
far example:

process equipment of a same function should be splìt between different processing modules;

consequences of a common mode failure, plant-wide or IocaI, shall be studied;

data transmission routes shall be desìgned to maximize the reliability.
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There shall be spare processing capa city and I/O modules available with the plant in full operatìon,
Consideration should be given to have live spares available. In case of plant expansion, the spare
processing capacity shall be restored.

Design reviews mentioned at 4.5.3 shall be performed on control systems. The acceptance procedures
shall include confirmation of the safe operatìon of the process contrai system during malfunction and
failure mode.

Remotely controlled equipment shall in case of an emergency or malfunction be capabie of being
stopped locally,

The process control system shall indicate, stare and/or print ali information returned by the process
control devices necessary for the safe and efficient operation of the plant, In order to analyse an
incident, the system shall chronologicaHy discriminate and store ali information occurred during this
time and alI actions performing by the operator before and after the evento

The process control system shall inform the operator of essentìal electrical facility information
necessary to operate the plant,

The process control system design should present the operator with the optimum amount of data
required for safe and efficient operation of the plant and shall minimize alarm overload in case of
incident or a sudden state change.

14.3 Safety control system

14.3.1 Principle

The safety control system shall be desìgned far detecting hazard situations and reducing their
consequences. It shall have the following functions as a minimum:

gas detection (LNG,refrigerant gas, natural gas);

spillage detection;

fire detection;

ESDactivation from a central system andjor local ESDstation;

monitorìng, activation and control of safety devices;

monitoring and control of essenti al parameters to keep the ìnstallatìon in safety situation.

AH rnodifications of safety control system shall be performed in compliance with the Safety
Management System.

14.3.2 Emergency shut down (ESD)and safety actions

14.3.2.1 Generai

ESDactìvatìon shall cause equipment shut-down and ESD valves operation to their fall safe position in
order to contain inventories.

AH ESD actions shall be activated by the safety control system central panel with supplementary
activation from Iocal ESD stations. ESD activation shall neither cause a new hazard situation nor
damage a machine or other equiprnent. Where there has been no response from the operator to Fire,
Spill and Gas Detection System alarms, ESDactivation in response shall be automatic from the fire, spill
and gas Detection system after a suitable time deIay. It is not the ìntentìon of this actìon to require the
Fire, Spill and Gas Detection system to be a SIL rated system
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This activation shall be transmitted to the process control system which shall operate in a manner
complimentary to the ESD action. The process control system shall put automatic sequences in such a
position as to prevent unexpected equipment or valve operation which may occur at the time of ESD
reset.

Hazard assessment conclusions shall be applied to the design of the safety controi system. Type,
redundancy, number and location of detectors or sensors shall be studìed to ensure quick and reliable
detection of a hazardous situation. The system specification is derìved from the requirements of the
hazard assessment in 4.4.2. A cause and effect matrix shall be produced in compliance with hazard
assessment and HAZOPstudy requirements.

The principle of the ESD operation shall be to mìnìmìze the release of hydrocarbons and to minimìze
the escalation of any hazardous event into adjacent areas.

Plants are often divided into fire areas and subdivided into fire zones to enable the ESDactions limiting
escalation to be defined.

Fire hazards in a fire zone may be controlled by the operation of the ESD valves. The ESD shall isolate
the fire zone to minimize the release of hydrocarbon from the fire zone, and to minimize the flow of
flammable hydrocarbons into the fire zone to lìmit the fire evento

A fire zone may be depressurized after isolation by ESD valve operation to reduce hydrocarbon
inventories and to minimize the potential for vessel failure or structural collapse due to the fire
intensity and duration.

ESD valves are also used within fire zone to minimize the release of hazardous materials from vessels
due to the failure of downstream equipment or piping.

ESD operation is usually provided as a structured response related to the hazardous event.

Typical ESDlevels are:

ESD 1: (un)loading shutdown;

ESD2: ship disconnection;

ESD3: process shutdown [liquefaction or vaporization). This ESD 3 could be organized to prevent
totalloss of operatìon, if applicable to the plant,

ESD4: Total Facility Shutdown: AlIequipment shut down.

14.3.2.2 ESDfor marine transfer operations.

The use of ESD systems for the protection of marine transfer operations is welI described in Ref 56
SIGTTO ESD Arrangements and Linked Shìp/Shore Systems for Lìquefied Gas Carriers which derives
from IGCcodes.

14.3.3 System capabilities

14.3.3.1 Main functions

The safety control system shall:

initiate automatically the appropriate ESD actions. Manual activation only of an ESDsystem is only
permitted when fully justified by the hazard assessment with the approvai of the appropriate
authorities;

where appropriate, activate automatically the necessary protection equipment;

inform the process controi system of ESDactivation;
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control visual and sound emergency communication devices defined in emergency plans (Le. siren);

open gates to allo w access of emergency crew and staff evacuatìon, where required by emergency
plans.

14.3.3.2 Safety Integrity Levels (SIL)

Since safety functions are designed to lead to a certaìn risk reduction safety integrity levels can be
assigned to them.

The safety controì system shall be designed and operated in accordance with requirements of
EN 61508-1. SIL requirements shall be studi ed and evaluated to be consìstent with the required plant
safety level.

The ESDsignal processor shall be SIL 3 or bettero

14.4 Access control system

UNI EN 1473:2016

Access points for entering inside the plant boundary shall be controlled through separate, specially
adapted barriers for vehicles and personnel. A minimum of two accesses shall be provided to facilitate
access for firefighting and emergency vehicles.

Depending on the size of the plan t, access to process zones where gas ìs stored, piped or processed
shallbe controlled. Such control can be limited to process zones or extended to a wider area. Control of
access can be put into practice either by security guards or by using a physical device (lock, magnetic
badge, etc.],

14.5 Anti-intrusion system

The LNG plant shall be surrounded by a fence (see [29]) and could be equipped with an antì-ìntrusion
detection system.

14.6 CCTV

This system should integrate a closed circuit TV system. It monitors process areas and accesses which
present a risk (as mentioned in hazard assessment).

See 13.4: CCTVmonitoring.

14.7 [etty and marine monitoring and control

When following functions are available they should be interfaced in the plant monitoring and control
system:

monitoring ofweather conditions [wìnd, sea sìtuatìon, etc.);

berthing monitoring (speed, distance, etc.);

mooring monitoring (mooring loads, etc.);

status of quick release hooks;

monitoring and control ofmarine transfer arms;

marine transfer arm Emergency Release System.

For details,see EN ISO 28460 and EN 1474 (all parts).
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14.8 Communications

Internai transmission networks shall differenti ate operation information (of process control system)
from safety information (of safety controi system). InternaI transmission networks shall be made
secure from external communication networks (no direct interfaces are recommended for manned
plants).

14.9 Environmental monitoring and control

Emissìons of the plant shall be monitored and controlled.

15 Construction, commissioning and turnaround

15.1 Quality assurance and quality control

A quality management system shall be applied to the following phases:

organization;

design and procurement;

equipment, shop manufacture;

equil,lment, storage and transport;

construction, (earthworks, installation, backfilling, cìvìl works and structural steelwork, storage
tanks, pressure vessels, separators, furnaces, boilers, pumps, aboveground piping including
supports, underground piping, instrumentation, electricity, cathodic protectìon, paint work,
thermal insulatìon, fire proofing).

A specific quality control programme including inspection and tests shall be set up to monitor the
quality throughout the different phases of the design, fabrication and construction.

As a minimum inspection certificates 3.1 according to EN 10204 shall be provided for pressure
retaining parts ofprocess equipment and/or system.

15.2 Acceptance tests

Equipment installed on the plant shall be tested in accordance with the relevant codes and standards
especially for:

high pressure pipe-work;

pressure vessels;

fired equipment.

Far LNG tanks the tests shall be made in accordance with 6.14.

15.3 Preparation at start-up and shutdown

The presence of hydrocarbons and of low temperatures, requires special commissioning and shutdown
procedures. These include, before start up:

al inerting in order to eliminate oxygen to obtain a maximum oxygen content of 8 mol %;

b) and dryìng of the plant using one of the following:
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1) a vacuum drying technique a good option for long jetty and run down lines but requires the
piping to be designed to full vacuum;

2) nitrogen heated to 60°C blown through the piping at low pressure and high volumetric rates,
The nitrogen is exhausted to atmosphere. The advantage of this method is that purging is
completed whilst drying;

3) drying with dried natura] gas, ensuring that water has been eliminated at ali points of the plant,
including the connecting lines to instruments. The disadvantage of this method is the restraints
that hydrocarbon brings to the plant. In case of closed refrigerant loops the dynamic de-riming
using the compressors can speed up the processo The tanks are normally dried after hydro test
with mops and space heaters to ensure there is no free water. Where in tank pump wells are
fitted it is important to ensure there is no water held by the foot valves that could lead to the
foot valve freezing and rendering that stilling well unusable. It is common practice not to fit the
foot valve unti! after the hydro test.

The typically used limits for the dew point in the piping to target are - 40°C.

At the time of any shutdown fur servicing which requires opening of a circuit, it is necessary to:

positive1y isolate the system;

eliminate liquid hydrocarhons;

defrost and warm to ambient temperature by circulating warm dry gas;

and finally inert by purging with nitrogen before opening to atmosphere.

16 Preservation and corrosion protection

16.1 Painting

Corrosion protection of metal surfaces of equipment, pipelines and metallic structures in a LNG
installation is required. Concrete structures may also be painted to protect them from wear and tear.

Surface preparation, paint systems and application of eoatings to steel structures shall be according to
EN ISO 12944 (alI parts).

Salt-laden or aggressive atmospheres and operating conditions shall be taken into account when
selecting coating systems.

High quality hot-dip galvanizing according to EN ISO 1460 and EN ISO 1461 is required on alI pIatform
and platform support steel work, stairway and handrail assemblies, ladder side rails and cages, plates,
stair treads and open grid floorìng, etc. unless impractieable. Tubular sections shall be galvanized
internalJy and externally.

Galvanized surfaces may normaHy be 1eft unpainted except for marine environment for which
additional painting is recommended. Galvanized meta] jackets used to cover insu1ation of piping or
equipment can receive further anti corrosion coating. For zine contamination of austenitic stainless
steel, 4.5.2.1.i) should be considered.

For safety reasons all equipment and piping in LNGland based installations shall have a specific colour
or marking for identification of the contents.

AlI painting, galvanìzìng, colour codìng and marking shall be designed and executed in accordance with
Iocal rules.
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16.2 Cathodicprotection

See Clause 12.

17 Training for operations

The plant shall be operated in a safe and efficient manner compliant with national health and safety
legislation.

Operating practices and procedures shall be compliant with the requirements of the Major Accident
Prevention Policy and the Safety Management System including major accident prevention policy.

NOTE For example, requirements are based on the requests of the calied "Seveso III" European Dìrectìve
[Councìl Direetive 2012/18/EC on the control ofmajor-accident hazards involving dangerous substances] and the
risk assessment of explosive atmospheres required by the "ATEX"Direetive (1999/92/EC) [Directive 1999/92/EC
ofthe European Parliament and ofthe Councìl of 16 December 1999 on mìnìmum requirements far ìmprovìng the
safety and health protection ofworkers potentially at rìsk from explosive atmospheres] [20].

Written operating procedures shalI be provided for the plant and be readily available for those
operating the plant, These should cover alI normal and emergency operating procedures.

Protective equipment (personal protection) shall be provided and worn as determined by risk analysis.

Operators involved in emergency activities shall be equipped with the necessary protectìve clothing
and equipment. Portable ftammable gas detectors shall be readily available.

Persons engaged in the management, production, handling and storage of LNG shall be trained in the
hazards and properties of LNGwith particular attention to emergency response procedures,

Operation and maintenance staff shall be well trained in ali aspects of their work to ensure that they can
work in a safe and competent manner under both normal and emergency conditions. Initial training
should take into account the background ofthe indìvidual. Re-training should be undertaken at regular
intervals and alI records of their training kept.

For management and staff, training schemes should be structured according to the indivìdual's
experiences, duties and responsibilities within the organization and independently validated.

Ali persons visiting a site for whatever purpose shall be instructed in the hazards and properties ofLNG,
the depth to which this training is undertaken shall be appropriate to their level of involvement in site
operations.

18 Pre-operational marine training

In alI projects, there should be consultation between the termìnal owner, port operator, ship operator,
pilots and tug-masters. Pre-operational training and regular refresher courses, using simulators, should
be undertaken, involving all relevant parties,

See [23].
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AnnexA
(normative)

Thermal radiation threshold values

A.l Heat radiation from LNGfìres

Table A.l gives the recommended maximum incident radiation flux values in case these are not already
deflned in the local regulations. The radiation flux from an LNG fire shall be calculated using
appropriate and validated models (some available methods are presented in EN ISO 16903 or [19]).

In any case, the maximum radiation flux levels acceptable far each main structure inside boundaries
shall be confirmed using validated methods and using the curves defined in the parts of EN 1991,
EN 1992, EN 1993 and EN 1994 listed in Clause 2. The designer shall justify the maximum thermal
radiation flux level used by calculating the surface temperature consistent with the expected duration of
the fire to show that it is sufficiently low to maìntaìn the integrity of the structure. The nature and the
mechanical behaviour of the materials with respect to temperature shall be taken into account in the
calculatìon,

For LNGstorage tanks, the permissible radiation flux shall be determined takìng into consideration the
following factors as a minimum:

credit can only be taken far water cooling of the tank if the means of applying the water can be
operated from a safe area;

loss of strength of container;

pressure built up within the container;

capacity of the safety valves;

surface emissive powers (see EN ISO 16903).

Table A.l - Allowable thermal radiation flux excluding solar radiation inside the boundary

MAXIMUM THERMAL RADIATION FLUX
EQUlPMENT INSIDE BOUNDARY

(kW/m2)

Concrete outer surface of adjacent storage tanks a 32

Metal outer surface of adjacent storage tanks (see [3]) 15 ,

The outer surfaces of adjacent pressure storage 15
vessels and process facilities (see [3])

Controi roorns, Maintenance workshops, Iaboratories. 8
warehouses, etc. (see [2])

Administrative buildings (see [2]) 5

• For pre-stressed concrete tanks, maximum radiation fluxes may be determined by the requirements given in A.l .

The heat flux level can be reduced to the requìred limit by means of separation distance, water sprays,
fire proofing, radiation screens or similar systems.
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TabIe A.2 gives the reeommended maximum incident radiation flux values in case these are not already
defined in the local regulations.

Table A.2 - Allowable thennal radiation flux excluding solar radiation outside the boundary

MAXIMUMTHERMAL RADIATION FLUX
OUTSIDE BOUNDARY

(kWJm2)

Remote area a 8

CriticaI area b 1,5

Other areas c 5
a An area only infrequently occupìed by small numbers ofpersons, e.g.moor land, farmland, deserto
b This is either an unshielded area of criticai importance where people without protective clothing can be requìred at ali
times including during emergencies or urban area (defined as an area with more than 20 persons per square kilometre) or a
piace difficult or dangerous to evacuate at short notice (e.g. hospital, retirement house, sports stadium, school, outdoor
theatre).
c Other areas typically include industriaI areas not under control of the operator /oecupier of the LNGfacilities.

NOTE The figures used in Table A.2 are taken from [2]: Effeet of fire radiation on pre-stressed concrete.

The thickness of the concrete shall be sufficient to ensure that, in the event of an external fire, the
temperature ofthe pre-stress cables is kept low enough to maintain the integrity ofthe LNGtank and its
enclosure with full contents and at maximum design pressure. [f no water deluge system is ìnstalled, the
integrity of the design of the tank shall be guaranteed during the time needed to provide fire water in
sufficient quantities from an external source. To determine the mìnìmum concrete thickness recognized
methods and appropriate models which have been validated shall be used.

A.2 Heat radiatlon from Oare or ignited vent stacks'

Table A.3 and Table A.4 give the recommended maximum incident radiation flux values in case these
are not already defined in the local regulations. The predicted values used for the comparison can be
calculated in accordance with [3].

However, alternative methods for prediction of flux level can be acceptable. In this case the designer
shall justify that the method proposed is validated.

Table A.3 - Allowable thennal radiation flux excluding solar radiation inside the boundary

MAXIMUMTHERMAL RADiATION FLUX
EQUIPMENT INSIDE BOUNDARY

(kWJm2)

Flow rate as defined in 11.6 Normal Accidental

Peak within the sterile area (see [3]) 5 9

Outer edges ofrestricted (sterile) area NA 5

Roads and open areas 3 5

Tanks and process equipment 1,5 5

Control rooms, maintenance workshops, laboratori es. 1,5 5
warehouses etc.

Administrative buildings 1,5 5

6) In rìsk assessment, the vent ignition ìs assumed a credìble event
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Table A.4 - Allowable thermal radiation flux excluding solar radiation outside the boundary

MAXIMUM THERMAL RADIATION FLUX
OUTSIDE BOUNDARY

(kWjm2)

Flow rate as defined in 11.6 Normal Accidental

Remote area a 3 5

CriticaI area b 1,5 1,5

Other areas c 1,5 3
a An area only infrequently occupied by small numbers ofpersons, e.g. moor land, farrnland, deserto

o This is either an unshielded area of criticaI importance where people without protective clothing can be required at ali
times ìncludìug during emergencies or a pIace difficult or dangerous to evacuate at short notice (e.g. hospìtal, retirement
house, sports stadium, school, outdoortheatre).

c Other areas typically include urban and industriai areas not under control of the operatoryoccupier of the LNG
facilities.

NOTE The figures used in Tabies A,3 and A,4 are derived from [3] and [4].
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AnnexB
(n ormative)

Definitions of reference flow rates

B.l GeneraI

The various flow rates of gaseous dìscharges are defined below.

B.2 VT (heat input)

The VT maximum flow rate of a tank (,'boi} off') due to heat input in normal operation is to be
determined by assuming ambient air at the maximum temperature observed in the course of a hot
summerday.

B.3 VL (fluid input)

Ftllìng of the tank generate a piston effect. The maximum volume flow rate for tank filling ìs to be taken
for the value of VL the resulting gas volume flow rate (expressed under the actual conditions of

.temperature and pressure in the gaseous crown ofthe tank).

VL ìs the high est flow rate possible with the inlet control valve failed open.

B.4 Vo (over filling)

If over filling leading to spillage of LNG ìnto the annular tank space cannot be excluded, the
instantaneous vaporization of the LNG entering the tank shall be considered. The steps taken in 6.7.2
can be reinforced as required.

B.5 VF (flash at filling)

At LNGfilling of the tank, instantaneous vaporization occurs (calied "Flash"). The main reasons of LNG
flash are the following:

heating ofthe LNGdue to the pumping;

heat input from piping during loading or unloading;

eooling of the tank wall when the liquid level inereases, (due to the faet that the temperature of the
vapour phase of the above part of the tank is higher than the temperature of the lìquid,
eonsequently the wall tank is eooled down when the level of LNG increases producing
vaporization);

mixing ofthe LNGaIready stored;

when the pressurized LNG sent into the tank has a temperature before expansion higher than that
of the bubble point of the liquid at tank pressure, ìnstantaneous vaporization oecurs.

VFI volume of the flash at filling shall be at the maximum filling rate with the eontroi valve failed open
and shall be determined including all the above parameters.
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lf the LNG was initially at equilibrium, the fractiona! proportion of liquid which vaporizes
instantaneous!y CF) due to a temperarure before expansion higher than that of bubble point of the
stored LNGcan be calculated rigorously or approximated by the following simplified equation:

F ~1-exP[ C(T~-T1)]

where

C is the heat capacity of the fluid (J K-l kg-1);

T2 ìs the boiling-point temperature of the fluid at the pressure of the tank
(K);

T1 is the temperature ofthe fluìd before expansion (K);

L is the latent heat ofvaporization ofthe fluid O kg-1).

Consequently VF is calculated using the following equation:

VF :=: F x filling flow rate (in kg /s)

In the absence of more precise data, if the drop of absolute pressure is less or equal to one bar, the
following values can be used:

C:=:3,53x103.JK-1,kg-1 ;

where

expressed in Pascal, represents the absolute pressure reduction oftbe LNGbetween tbe
inìtìal storage and the pressure of tbe destination tank.

B.6 VR (LNGrectrculatìon by a submersible pump)

VR represents the mass flow rate of boil-off brought about by internaI recirculation of the LNG by the
largest of the submersible pumps.

VR can be estimated using the simplified following formula taken into consideration the assumption that
ali the energy of the pump goes into the fluid:

VR;:; Energyinput per pump / L.

The energy is expressed in J/h and L in J/kg (see B.5).

B.7 VA (variation in atmospheric pressure)

If the pressure in the tank is equal to maximum operating pressure, a drop in atmospheric pressure
brings about a gaseous discharge from expansion of vapour in the crown (VAG) plus vapour evolved
from the overheat of the liquid (VAL). Similarly a vacuum condition can arise following an increase in
atmospheric pressure,
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VAG the flow rate due to vapour expansion ean be calculated using the following formula (VAG expressed
in m3/hour under actual conditions ofpressure and oftemperature ofthe gaseous crown sheet):

V dp
VAG=-x-

P dt

where

V is the maximum gaseous cubie capacityof emptytank [m ']:

P is the absolute operating pressure (Pa);

dp/dt is the absolute value of rate ofvariation in atmospheric pressure (Pa/h]:

VAL the flow rate due to the de-superheating of lìquìd can be estimated by adapting the methods given
above in 8.5 for the calculation of F.

Local data for rate of atmospherie pressure change shall be used. Where there ìs no Ioeal data available
a drop in atmospheric pressure of 2 000 Pa/h with total variation of 10 kPa can be assumed.

This value also enables the calculation of the lncomìng volume of flow in tbe event of an increase in
atmospheric pressure.

B.8 Vv (control valve faìlure]

Failure of a eontrol valve can lead to inereased vapour loads as for example from a suddenly inereased
filling rate or untimely opening of a vacuum breaker valve.

B.9 VI (heat input in the course ofa fire)

The rate of evaporation in the course of a fire is determined by assuming that incoming heat ìs used
ìmmediately for vaporizing the fluid taking no credit for the effeet of firewater.

The heat flow received by the vertical external enclosure of the tank is assumed, by default, to be equal
to the emissive power of a flame of LNG(see EN ISO 16903).

This value is overruled by the worst case value ofheat radiation in the hazard assessment far tbe actual
location of the tank.

B.l0 VD (fluid suction)

Withdrawal of liquìd shall be offset by a gaseous input in order to prevent negative pressure. The
volume flow rate of gas is taken to be equal to the maximum volume flow rate of the suction pumps.

B.ll Ve(compressors suction)

Natural evaporation which occurs in the tank is generally removed by boil off gas eompressors. Even
though the suction volume flow rate of sueh compressors is adjusted in normal working eonditions to fit
the rate of evaporatìon, the possibility that the compressors will cause negative pressure in the tank
cannot be excluded. Ve represents the maximum suction volume flow rate ofthe compressors.
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B.12 VB [roll-over]

The boil off due to a roll-over shall be calculated using appropriate validated models.

In case where no modeI is used, the flow rate during roll-over shall be conservatively taken equa1 to:

VB =100xVT

This flow rate corresponds approximately to the maximum flow rate observed in the past during a real
roll-over,
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AnnexC
(informative)

Seismic classification

C.l Introduction

This annex provides a methodology for the seismic classification of plant and equipment to allow the
design of the plant to provide the correct level of earthquake resistance to an earthquake event as
defined in 4.5.2.2.

C.2 Some basi c principles

The seismic c1asses are defined in 4.5.2.2.

The plant should be shutdown after any earthquake the magnitude of which exceeds a value less
than the OHEacceleration value (this value to be specified by the owner loperator).

This shutdown decision can be operator ìnìtìated, or automatically from seismìc detectors to
facilitate an orderly shutdown rather than a random trip of machinery caused by ìndivìdual
vibration detection devices.

A full safety inspection shall be carried out prior to resuming operation to check:

operability;

integrity;

stability.

After OBE, all equipment and/or systems shall remai n operational, except, if agreed by
owner Ioperator, that equipment and/or systems that are not necessary for plant operation.

After SSE,the plant is in a safe condition. In the period following the event additional measures may
need to be taken to ensure safe reinstatement or, if necessary, decommissioning of the plant, These
operations could take weeks or months.

The Safety Management System shall describe the emergency procedures to be activated after SSE,
allowing for availability of staff for plant monitoring, ìnspectìon and to undertake temporary
measures.

C.3 Example of safety approach after SSE

Local small leaks are accepted but the pIant should keep its integrity to avoid additionaI hazard from
hydrocarbon spillage.

The CentraI Controi Room (CCR) becomes the operational crisis centre.

lt is accepted that the CCRwouId not receive full plant operational information but major information,
Le. pressure, level and temperature on large hydrocarbon ìnventories, such as storage tanks and
refrigerant containers, shouId be reported in the CCR.
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To achieve this requirement after SSE, consideration should be given to separate hard wiring and
routing of criticaI sìgnal and contrai cables outside of plant structures that may be subject to damage
during seismic activity.

The tank pressure control should be remotely controlled and safety valves should remai n operational
after SSE.

C.4 Example of c1assification for SSE

Based on the basie principles and the example of safety approaeh the following classification could be
prepared:

Table C.l - Seismic criteria classes

Criteria class Operatìonal Integrity Stability
functionality

ClassA X

Class B X

Class C X

The different classes should include:

Class A:

firefighting equipment and system (onIy for local operation);

underground fire water loop up to sprinkler valves and including hydrants;

ESDvalves;

operability of the safety contro l system in the CCR;

UPSrelated to the safety control system;

criticaI signal to be reported in CCR;

hydrocarbon tanks pressure safety valves or control valves;

secondary container of LNGtanks:

Class B:

all equipment and piping systerns containing hydrocarbon or other hazardous mediurn (which
rupture could bring potential far hazard);

all structures supporting such equipment and piping systems;

primary container of LNGtanks;

Class c:

ali non-class A or 8 iterns that are in the vicinity of A or B iterns and which collapse could
impact class A or B items.
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AnnexD
(normative)

Specific requirements for LNGpumps

0.1 Introduction

Thìs annex defines additional requirements to the ones described in Clause 7.

0.2 Design

The design shall meet the following specìfìcatìons:

thermal transient operating conditions shall be taken into account (see EN ISO 16903);

flanges, gaskets and fasteners (nuts and bolts) for the joint shall be in accordance with
recommendations given in 9.5;

flanged joints shall be tested in accordance with EN 12308.

The manufacture and assembly shall meet the following requirements:

provisions shall be made that fasteners remain tight due to the effect of temperature change or
vibration;

traces of oxidation and other contaminants shall be removed prior to fabrication or assembly;

welding processes and procedures, quality of the electrodes, wires and flux shall be in accordance
with EN ISO 15607, EN ISO 15609·1 and EN ISO 15614-1.

The unit shall be fitted with a systern for compensating the residual axial thrust of the pump under all
operating and transient conditions.

0.3 Inspection

D.3.l GeneraI

To ensure the safety behaviour, pump components subjected to mechanìcal, rotational and thermal
stresses shall be inspected and tested. Inspection and tests shall be performed in accordance with the
relevant standards.

The pump manufacturer shall set up, in compliance with the owner requirements, a quality pIan with a
full inspection programme which shall include the inspection defined in D.3.2 to D.3.8 where applicable.
The requirements far positive material identification shall be stated in the qualìty pian.

The manufacturer shall demonstrate the reliability of the applìed procedure in accordance with the
referred standard and the adequacy ofthe selected criteri a with regard to the required quality leve].

D.3.2 Inspection of components submitted to pressure or rotation

The chemical analyses and the mechanical characteristics shall be supplied for each casting.

Far forged or rolled parts, mechanìcal tests shall be performed after any heat treatment Far each
component, the supplier shall specify the reference standards, the sampling location and its direction.

UNI EN 1473:2016
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0.3.3 Radiographic inspection

Radiographic inspection shall be conducted in accordance with EN [SO9712 and EN [SO 17636-1 and
EN ISO17636-2.

0.3.4 U1trasonic inspection

Ultrasonìc inspection shall be conducted in compliance with EN ISO9712 and EN ISO 17640.

0.3.5 Crack detection (dye penetrant inspection)

Dye penetrant inspection shall be conducted in accordance with EN ISO9712, EN ISO3452-1 and
EN ISO 17637.

0.3.6 Visual inspection

Visual inspection shall be carried out in order to check the compliance of the products supplied with the
specifications of 7.2 and the individuaI component marking in accordance with the quality pian.

0.3.7 Dimensionai inspection

The dimensionaI inspection shall be carried out in order to check whether the products supplied
comply with the standards applicable to the supplier's plans and to the documents he shall give to the
owner.

0.3.8 Electrical inspections

The following inspections shall be carried out:

electrical tests in accordance with the quality plan:

an electrical balancing test.

Electrìcal components shall be certified in accordance with the appropriate hazardous area
c1assification.

D.4 Testing

D.4.1 Test condition

An the following tests, which are given hereafter, shall be conducted either with liquid nitrogen or with
LNGuniess otherwise stated.

Acceptable alternative test liquids can be used with the owner's agreement.

For all test liquids other than LNG, detail procedures and formulae shall be agreed between the
manufacturer and the owner to predict the actual performance from the test data.

0.4.2 Type tests and acceptance tests

Type tests are carried out on the first of each pump type. Acceptance tests are carried out on all pumps
ofthis design. Type tests shall include the following:

mechanical strength and tightness tests (hydrostatic tests);

performance tests;

net positive suction head (NPSH) tests (the definition ofNPSH ìs given in EN ISO9906);
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- cold rotation tests at a maximum temperature of - 160 DC (for pumps not tested with LNG).

Aceeptance tests shall include at least the strength and tightness tests.

By special agreement with the pump supplier, the aeceptanee tests can also be extended to performance
and NPSH tests. Acceptance tests shall be carried out either at the manufacturer's premises if the latter
disposes of a test bench, or at a Ioeation decided by mutuai agreement between the manufacturer and
the ownerfoperator.

D.4.3 Strength and tightness tests

The pump body and any part of the pump under pressure (i.e. working barre l), shall undergo a strength
test and a tightness test in aceordance with EN 12162. Water ean be used far these tests provided that
chloride content is lower than SOx 10-6 (SOppm).

D.4.4 Performance tests

Performance tests shall be carri ed out preferably with LNG,the composition of which shall be specified
and density and temperature shall be measured.

Test data shall be recorded or calculated, at least far six points ofthe operating range among which:

shutoff flow rate;

minimum eontinuous stable flow rate;

two points in midway between minimum and rated flow rate;

rated flow rate;

maximum aUowable flow rate.

The tests shall be conducted at the pump's nominaI speed ± 3 % when LNGor at appropriate speed in
the case of another medium, to be agreed with the owner.

For eaeh of the flow rates except shutoff the following parameters are determined:

total hydraulie head at discharge;

total hydraulie head at suction;

pump efficiency and efficiency of the motor;

power absorbed by the motor;

vibration level;

noise level.

For shutoff poìnt, the following parameters are determined:

total hydraulic head at discharge;

power absorbed by the motor, if appropriate.

For pumps fitted with variable speed drivers, these parameters are also recorded at two different
speeds of operation band (medium and minimum speed).

UNI EN 1473:2016
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For a vertical motor pump submerged in the tank, a "pump down" test shall be carried aut, the
conditions of which shall be submitted for the owner's approvaI. Pump down test is a test of the pump
at low liquid levei equivalent to a reduction of discharge head to 40 % of the nominaI value.

A continuous running test of minimum 1 h shall be conducted at rated dutìes,

D.4.5 NPSH tests

Measurements of the NPSH required by the pump shall be carried out at the equilibrium temperature of
the liquid, preferably with LNG,the composition of which shall be specified, and at least 3 different flow
rates for the first pump whilst only one far the other with same design. These flow rates shall be
identical with those of the performance tests,

D.5 Declared values

For a liquefied natural gas, the density of which shall be specified at the reference temperature, the
manufacturer shall declare the following values:

differential head at shutoff;

differential head at the minimum flow rate of the operating range;

differential head at the nominaI flow rate;

differential head at the rnaximurn flow rate of the operating range;

NPSH required at the minimum flow rate ofthe operating range;

NPSH required at the nominaI flow rate;

NPSH required at the maximum flow rate of the operating range;

power consumption at the nominaI flow rate;

pump efficiencyat the nominaI flow rate and of its drive and speed converter, if any;

pump down level in the case ofan in tankpump (see D.4.4);

power consumption at the minimum continuous and maximum flow rates.

The tolerances on these values determined durìng the course ofthe performance tests (see D.4.4) shall
be as specified in EN ISO 13709.

UNI EN 1473:2016

D.6 Marking

A metal identification plate showing the following information should be fixed to each pump and
working barrel:

supplier's distinguishing abbreviation;

manufacturìng serial number and owner's order number;

nominaI flow rate (in m3 jh);

nominaI head ofthe pump (in metres);
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rotatìon speed at the nominaI flow rate (in min-1);

maximum working pressure (in bar gauge) and the date of testing of the working barrel, if any;

date and pressure ofpump test (see EN 12162).

D.7 Particular requirements for submerged pumps and related cables

D.7.1 Pot [can] rnounted purnps

An electrical junction box shall be used for the connection between the electric cables of the pump and
the external cables,

Due provision shall be made to avoid any gas migration from the suction pot into the junction box.

The cryogenic electric cables for the connections between the junction box and the pump motor shall
withstand a working temperature of - 196 "C,

D.7.2 CoIurnn mounted (in tank) type

D.7.2.1 Generai

With a proper procedure, column mounted type pumps can be removed from the storage tank whìlst it
is in servìce, The pump and eIectrical cable assembly is inserted into the upper end ofthe pump column,
The pump ìs sealed onto an adapter at the base of the coIumn. '

Suction is through the base adapter and discharge on the periphery of the pump body, between the
coIumn and the pump body.

In addition to the requirements of Clause 7 and D.2, the pump unìt shall be able to be installed and
removed by means of a lifting system using either dedicated cables or a set of connecting stainless steel
tubes or some other means,

The column head plate seals the column. It shall comprise:

on the inside: a tensioning system for the cable which secures the electric cables and the lifting
cable coiled under the plate;

on the outside: the electric cable junction box.

The base adapter shall ensure pump alignment in the centre of the column and prevent it from rotating.
It shall allow the pump to be raised without requiring the application of any abnormal force.

D.7.2.2 Dedicated cables

The devìces for handling the unit and for securing the cables shall include:

a lifting system for the safe lowering and raising of the pump, without rìsk of falling and without
twisting of cables;

a spare lifting cable that will take over the function ofthe duty cable, in case ofits failure; this spare
cable shall be installed in such a way that it will prevent pump fallìng in case of duty cable failure.
This spare lìfting cable could only be discarded if owner foperator can demonstrate otherwise;

an electrical support cable used for keeping the electrical cables under tension in the colurnn, this
cable shall be non-twisting type and shall be pre-stressed before assembly to avoid possible over
stressing of the electrical cables due to temperature difference in the tank;

UNI EN 1473:2016
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a system for guiding the cables ìnto the column;

a system for supporting a measurement cable stemming.

The electric cables shall have a bending radius which allows easy handling while avoiding breakage
under the cable's own weight.

0,7.2,3 Stainless steel tubes

Where stainless steel tubes are used a shut-off device (a gate valve, or spectacle type blind flange, or any
other suitable closing device) may be placed on top of the column outside the tank.

The pump shall be lifted by a set of connecting stainless steel tubes which also contain the electric
power supply cables. This lifting mechanism shall be rigìd, easy to assemble and shall protect the
electric cables.

D.8 Vertical external motor pumps

The unit comprises an electric motor/centrìfugal pump assembly.

The vertical pump is installed in a barrel with the pump submerged in the LNG.The electrical motor is
mounted on top ofthe barrel and is not submerged in the LNG.

Careful consideration shall be gìven to sealing arrangements. Shaft sealing shall eliminate leakage past
the seal,

The cooling down of the pumps shall be carried out slowly and carefully. Each pump shall be provided
with an adequate vent or reliefvalve to prevent over-pressure during cool-down.

The barrel shall be insulated in order to prevent vaporization and to inhibit condensation. The
foundations of the pump shall be designed and constructed to prevent frost heaving.

UNI EN 1473:2016
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AnnexE
(normative)

Specific requirements for LNGvaporizers

E.l Operating parametersjdeclared performance

The operating parameters of vaporizers far which the nominai values are to be specified according to
type are given in Table E.l. The range within which these parameters will be able to vary shall also be
specified.

Certain of these values shall be declared by the manufacturer. More specific requirements are given
below.

E.2 Water stream vaporizers: Open rack type (ORV)

E.2.t Specific design requirements

Open rack vaporizers shall be protected against adverse atmospheric conditions such as wind, snow
and rain. In particular, wind shield should be provided to lirnit sea water foam dispersion by the wind.

, ,

The two following variable actions shall be considered in the determination of the normai action used
far design:

exceptìonal thermal stress resuiting from poor distribution of water e.g. a heating tube is not
wetted;

accumulation of ìce (10 cm thick) on halfthe height ofthe vaporizer.

E.2.2 Water distribution

Flow ofwater shall be even:

on the different accessible parts of any section of tube in order to prevent distortions of the tube;

between different tubes which are mechanically connected.

The system for distribution of water over the tubes should be easily accessible, adjustable and designed
to permit cleaning, if required by the owner without interrupting operation, using one of the following
methods:

jet of water;

blast of air under pressure;

rodding brush.
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Table E.1- Values to be specified for LNGvaporizers
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Minimum and maxìmum ìntermediate tluid tlow rate X

Minimum and maxìmum ìntermediate tluid pressure X

Minimum and maxìmum throughput X X X X X X X

Maximum utility consumption X
Basis parameters

X XMinimum heating tluid temperature X X X

Maxìmum heating fluid temperature X X

Minimum outlet temperature vaporized gas X X X X X X X

LNG/NG pressure drop X X X X X X X

Minimum aìr temperature, wind speed, and humidity X

Minimum water inlet temperature X X X

Water flow rate X X

Water outlet temperature X X X

Service Combustion gas pressure, temperature, compositìon X

utilities Water analysis X X X X

Pressure range of intermediate fluid X X

Type ofintermediate fluid X X X
Operating Battery lìmit conditions for utilìtìes X X X X X X X

pararneters
Type of heating X X X

Heating curves X X X X X X X

Thennal duty X X X X X X X

Inlet and outlet temperature X X X X X X X
LNG

Inlet and outlet pressure X X X X X X X

Composition X X X X X X X

Mass flow rate X X X X X X X

Generai Minimum time to start up X X X X X X X

E.2.3 LNGand NG lines

Stress analysis shall be performed on both LNGinlet lines and NG outlet lines to allow proper flexìbility
and minìmìze loads on panel connections.
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E.2.4 LNGdistribution

Care shall be taken with the distribution of the LNG flow between parallel vaporization channels. One
solution consists of having a generously dimensioned manifold and a restriction at the inlet of each
exchanger tube.

E.2.5 Cleaning of tbe LNGjNGcircuit

Gas circuiating in the exchanger can contain paraffin waxes. These deposit on the sidewalls of tubes and
reduce the performance of vaporizers. In that case, a facility for flushing tubes with the aid of a suitable
solvent shall be provided. The solvent used shall be compatible with the materials used.

E.2.6 Controljsafety

Safe operation is achieved by the controi of the vaporizer gas outlet temperature and water tlow rate,
which form the basis of the alarm and safety system.

In case of Iow gas outlet temperature or low water flow the vaporizer shall be automatically isolated.
Gas outlet valve closure Urne should be set to prevent cold temperature extending over limits defined
by thermai transient anaìysìs (see 8.1.2).

Threshold values for gas outlet temperature shall be defined. Typical values might be:

O °Cfor alarm;

- 5 °C for operation of safety shutdown devices to stop LNGfeed.

Where the minimum ambient temperature is beIow the trip threshold, start up of the vaporizer can
require a carefully design ed override.

Insufficient flow of water shall be automatically detected (e.g. flow sensor).

E.2.7 Shelters for vaporizers

If revamping of the coating of finned tubes requires dismantling of components, the building shall be
designed accordingly, Le.with a removable roof.

Any side paneis shall be designed to prevent any projection of water to the outside (water shall be
returned to the lower reception basin).

Inspection traps systems shall be provided to permit inspection in operation.

E.2.8 Water circuits

Water circuits (pumps, pìpe-work, water heating, chlorination) are to meet the requirements listed in
12.5.

E.2.9 Waterquality

The water quality shall be checked for compatìbilìty with tube material.

When water contains fines and solid particles, the vendor should recommend the most appropriate
protection such as water filtration.

E.3 Water stream vaporizers: Closed type (STV)

The tlow rate and the temperature of the water shall be controlled.

Vaporizers shall be operated with tube surface temperatures above O °C.so that formation of ice will be
avoided. During upset conditions, when water throughput is ìnsuffìcient, the supply of LNG shall be
reduced or stopped. If necessary, water shall be drained from the shell side of the heat exchanger.
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Threshold values for gas outlet temperatures shall be defined, Typical values might be:

+ 15°C, for alarm;

+ 10°C, for operation of safety shutdown devices to stop LNGfeed.

The water flow rate shall be temperature controlled. In order to avoid bIockage, an additional water
flow rate detector shall be installed to stop throughput of LNGin case of insufficient water flow.

E.4 Intermediate f1uid vaporizers (IFV)

E.4.1 Atmospheric water bath type

Control shall be based on the temperature of the water bath. If an external pump is used for forced
circulation of the water, the non-avatlabìlìty of this pump shall be considered and should cause a unit
shutdown.

Threshold values for gas outlet temperatures shall be defined. Typical value might be:

+ 15 DC,for alarm;

+ 10 DC,for shutdown.

The water bath temperature shall be controlled by the heat suppIy. In the event of heat supply shut
down, the LNGfeed shall be stopped.

E.4.2 Forced flow type

The prìncìples of control are similar to those of the closed water stream vaporizer with the difference
that the set point of the alarms and shut down are dependent on the physical properties of the
intermediate fluido

The outlet temperature of the vaporized LNG controls the flow rate of the interrnediate fluid in the
circuit.ln case ofupset conditions ofthe intermediate fluid cìrcuit the LNGthroughput shall be stopped.

E.4.3 Condenser /vaporizer type

Condenser vaporizer systems are temperature controlled. LNGis vaporized against interrnediate fluids.
Alarm and shutdown functions shall be dependent on physical properties ofthe intermediate flow and
equipment design conditions.

The temperature controller of the vaporized LNGat the outlet of the vaporizer shall act on the heating
source of the system.

E.5 Submerged combustion type vaporizers (SCV)

E.5.1 Corrosion

The selection of material and design of the vaporizer should avoid corrosìon,

Water pH should be regularly monitored to avoid tube pitting corrosion,

Care shall be taken with the anti-corrosion treatment of components made of carbon steel (stacks,
supports, etc.) due to the potential acidic environment.

E.S.2 Control and safety

The use of a programmable controller ìs preferred.
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The primary parameter governing the operation of the burner is the gas outlet temperature, however
the water bath temperature should be low enough for good energy effidency but sufficiently high to
prevent freezing.

The parameters governed by the automatic burner control system are the flow rates of fuei gas and air.

A submerged combustìon vaporizer should include a pilot flame. The control system shall distinguish
three steady state operating modes for the pilot:

shutdown;

standby (onIy the pilot flame is on);

normai operation.

Fiame sensors monitor permanently the presence of a flame during "standby" and "normal operation",

Safety devices which couId irritiate shutdown ofthe equipment are to be the following, as a minimum:

too low bath water temperature;

too low gas outlet temperature;

too Iow bath level;

extinction of flame;

gas detection in the incomìng air;

air fan tripping.

Threshold values for gas outiet temperature, shall be defined. Typical values might be:

O°C for alarm:

-5°C for shutdown of a vaporìzer or of a set of vaporizers, according to the position of the
temperature probe within the gas circuit.

Where the trip threshold is above the minimum ambient temperature, start up of the vaporizer can
require a carefully designed override.

In the event of trip, the control systems shall automatically:

isolate the LNG supply to that vaporizer and protect downstream pipe-works from low
temperature;

cut off the gas supply to the pilot and main burners;

maintain the operation of the fan and the water circulating pump (account shall be taken in the
design of the fact that water can enter the fume distribution casing and the enclosure of the burner
when the fan stops, causing major thermai shock and possible damage to those parts of the
equipment);

deliver an alarm signal to the appropriate controi room.
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E.5.3 Water bath

The construction material of the water bath shall be able to withstand the acidity of the water which
results from the dissolving of fumes (carbon dioxide, nitrogen oxides) in the water. The water bath shall
be leak tight.

The position of the overflow should take into account the large increase in the water level which occurs
between shutdown and operation ofthe equipment.

E.5.4 Vibration

Fumes going through the bath generate vibration and account shall be taken of this in the design.

E.5.5 Arrangements for cold periods

Winterization shall be considered in the design of the vaporizer.

E.5.6 ELegionella

The operation of the water bath shall consider that the conditions for legionella and bacteria to develop
may exist. The operator shall have a program in piace to test for legìonella and a plan to avoid a growth
of the bacteria.

UNI EN 1473:2016

E.6 Ambient air vaporizers (AAV)

Ambient air vaporizers use air as heating medium eìther with natural or forced draft.

Both Types of AAV (natural or forced draft) require defrosting cycles, producing vast amounts of
freshwater.

The AAV system produces misting or 'fogging'. Therefore the adverse effect by fogging on the area
surrounding the TerminaI needs to be determined. The likelihood of when fog formation will occur and
its dispersion shall be studied through CFD Model Analysis or similar method, which will indicate when
the fogging will occur and the effect ofits dispersion.

The adverse effect of the fogging has also to be considered for the vaporizer perfonnances (availability
of ambient tem perature air) and for the safety (visibility, efficiency of the detection systems).
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AnnexF
(normative)

Criteria for the design of pipes

The following actions shall be considered for the calculation of supports and flexibility:

permanent criteria:

internal pressure;

weight oftube;

weight of lagging, etc.;

variable criteria:

intermittent loads due to hydraulic shock;

thermal loads, due to the contraction and fatigue phenomena following cycles of cooling and
heatìng: particular attention is required in the case of a sudden change of thickness or
dìameter:

snow;

wind;

earthquake, etc.

The criteri a linked with hydraulic hammer are the result of maximum over-pressure created by undue
stopping of a pump or the closing of a valve. These actions shall be determined using a method which
has been validated by experimentation with LNG. As a first approximation the following simplified
formulas may be used to ca1culate the values of over-pressure due to the valve dosing expressed as a
LNG column heìght, i.e. Dh:

t S 2L ,D
h

= vVo
v g

where

L is the length ofpipeline;

t is the closing time of the valve;

v ìs the shock wave speed, v = 1 500 ms-l for LNG;

Dh is the height of the LNGcolumn equivalent to the over-pressure:

UNI EN 1473:2016
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Vo is the flowing velocity ofLNG before hydraulic hammer;

9 is the acceleration due to gravity.

Lines subject to surge loads and dose to their limit state conditions shall be designed by FE-methods
considering cavitation effects.
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AnnexG
(informative)

Description ofthe different types of onshore LNGinstallations

G.l LNG liquefaction plant

LNGliquefaction plants generally include:

an incoming natural gas metering and receiving statìon, including in the case of a two phase
incoming pipeline, a slug catcher;

condensate stabilization and storage;

gas treatment units in which any acid gases, water, heavier hydrocarbons and, if appropriate,
mercury which might be present in the incoming gas are extracted;

liquefaction units which produce LNG and within which, ethane, propane, commerciaI butane,
heavier hydrocarbons and nitrogen can be extracted. A proportion of the extracted hydrocarbons
can be used as refrigerant make up. A liquefaction unit uses very specific equipment such as
cryogenic spool-wound or brazed plate-fìn exchangers and hìgh-powered turbo-compression units.
Two refrigerant cycles in cascade are usually empIoyed;

LNG storage tanks and the relevant loading facilities for filling LNG carriers, trucks, etc. where
appropriate;

Liquefied Petroleum Gas (LPG) and/or natural gasoline storage tanks, if appropriate, and the
relevant loading plants:

generation and/or purchase and distribution of the utilities necessary for the plant to operate
(electricity, steam, cooling water, compressed aìr, nitrogen, fueI gas, etc.);

and generai off-site installations, (gas and liquid flare systems, effluent treatment, firefighting
systems, etc.).

Most of the gas treating steps can be commonly found in gas treatment plant for the production of sales
gas, e.g. acid gas removal, dehydration, hydrocarbon dew point and natural gas liquid (NGL) recovery.
NGLfractionation is also commonly found in the light ends unìt of DiI refineries.

lt can be noted, apart from the storage tanks, only a fraction of the hydrocarbons contained within the
liquefaction plant are likely to be in the form of LNG. The bulk of the equipment volume is likely to
contain high pressure natural gas, NGLsor refrigerants.

G.2 LNGreceiving terminals

storage;

LNGreceiving terminals are designed to receive liquefied natural gas from methane carriers, to unload,
store this LNGand convert it into the gaseous phase for send out to the gas network or gas consumers.

Thus an LNGreceiving termìnal provides several essential functions which are:

unloading;
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LNGrecovery and pressurizing;

vaporizing;

gas quality adjustment.

G.3 LNGpeak shaving plants

LNG peak shaving plants, which liquefy natural gas taken from the commerciai gas network, are an
order of magnitude smaller than export terminals. The quality of the gas feed simplifies the processing
requirements compared with an LNG export terminaI. Liquid hydrocarbons are 1ikely to be Iimited to
the LNG and refrigerant for which storage is commonly provided. No fractionation facilities are usually
required. HzS may be assumed to be present in commercia1 natural gas at levels below that requiring
specìfìc treatment.

The following refrigeration processes are commonly used in LNGpeak shaving plants (for more details
see Annex L):

one mixed refrigerant cycle;

cascade mixed refrigerant cycle;

nitrogen expander cyc1e;

methanejnitrogen expander cycle;

open cycle expander.

The turbo-expanders are mostly coupled to booster gas compressors.

Where a large flow of high pressure natural gas is expanded to feed a lower pressure network, the
expansion can take pIace in a turbo-expander to provide the refrigeration needed to liquefy the naturaI
gas. The amount of refrigeration available is directly dependent on the pressure ratio of the expansion
but a common production rate ìs 10 % of the flow of expanded gas.

G.4 LNGsatellite plants

An LNGsatellìte plant ìs generally a small station where LNG ìs stored and vaporized for peak shaving
purposes or to supply an isolated loeal distribution network. The LNG is delivered by road or rail
tankers or small LNG carriers coming from eìther an LNG receiving termìnal or an LNGpeak shaving
plant.

The main functions of a LNGsatellite plant are the same as the LNGreceiving terminaI.

G.5 LNGbunkering stations

An LNG bunkering station is generallya site where LNG is received and then stored for bunkering of
LNGas fuel for ships either through a piping system, trucks, containers or barges.

A bunkering station would be provided with LNGeither from a Iiquefaction plant (remote or adjacent to
the bunkerìng station) or from a receiving terminaI.
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AnnexH
(informative)

Definition of different types of LNGtanks

H.l Generai

The different types of tanks are defined in Clause 6.

The vertical, cylindrical, flat-bottomed steel tanks are described in EN 14620-1.

Other following types could also be considered.

H.2 Spherical storage tank

The spherical, single containment tank system consists of an un-stiffened, sphere supported at the
equator by a vertical cylinder. The tank is designed and constructed in compliance with the Gas Carrier
Code ofthe International Maritime Organisation (IMO type B tank, [18]).

The spherical tank geometry allows accurate prediction of structural integrity. It can be designed far
high earthquake accelerations.

"

An above-ground spherical tank shall be surrounded by a bund wall (see 6.8.) to contain any leakage.

NOTE Examples of cryogenic spherical tanks are given in Figure H'I,

H.3 Cryogenic concrete tank

For this type of vertical, cylindrical, flat bottom tanks, the walls of the primary and secondary
containers are both of pre-stressed concrete.

NOTE Examples of cryogenic concrete tanks are given in Figure H.2.
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Key

1 outer shell

2 primary container

3 secondary container

Figure H.l - Examples of spherical storage tanks
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Key

1 suspended deck (aluminium deck)
2 pre-stressed concrete secondary container
3 elevated slab
4 base insulation
6 loose fill insulation
7 outer steel roof
8 primary container

9
lO

11

14

15
16
17

reiuforced concrete roof
bottom heating
concrete outer raft
carbon steel liner
9 % Ni steel base
cryogenic pre-stressed concrete primary container
cryogenic pre-stressed concrete secondary container

Figure H.2 - Examples of cryogenic concrete tanks
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AnnexI
(informative)

Frequency ranges

Table 1.1- Frequency ranges for hazard assessment

Range 1: Frequency of occurrence of more than once in 10 years.

Range2: Frequency of occurrence in the range between once in 10 years and once in 100 years.

Range 3: Frequency of occurrence in the range between once in 100 years and once in 1 000 years.

Range4: Frequency of occurrence in the range between once in 1 000 years and once in 10 000 years.

Range 5: Frequency of occurrence in the range between once in 10 000 years and once in 100000
years.

Range6: Frequency of occurrence in the range between once in 100 000 years and once in 1 000000
years.

Range 7: Frequency of occurrence of less than once in 1 000000 years (i.e. falling of meteorite. etc.)

UNI EN 1473:2016

116



ICAROSRL
UNlstare - 2016 - 389043

EN1473:2016 (E)

AnnexJ
(informative)

Classes of consequence

Classes of consequence take into account the extent of injury for the plant personnel and for the public
and equipment damage inside and outside the plant boundaries, but on the only safety and
environmental aspects.

Five classes of consequences have been ldentìfled on the basis of:

fatalities;

accident related to process operation with loss time;

release ofhydrocarbons.

These classes are ranked from 1 to 5 in descending order.

Table '.1- Classes of consequence for hazard assessment

Criteria unit Class 1 Class 2 a Class ~ Class4 Class 5
Fatalìtìes Dead persons Morethan lO 1 to lO ° O O

Accident with Injured persons More than 100 Il to 100 2 to lO 1 O
Iosstime

Release of Tons More than 100 10,01 to 100 1,01 to lO 0,1 to 1 Less than 0,1
hydrocarbons
a The class is close to SEVESO Directive criteria [Council Dìrectìve 96/82/EC of 9 December 1996 on the control of major-
accìdent hazards invol ving dangerous substances].
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AnnexK
(informative)

Levels of risk

K.1 GeneraI

Three categories of risk may be used:

Level 3: situation which is undesìrable and cannot be tolerated. Remedial action required (Not
Acceptabie );

Level 2: situation which shall be ìmproved, A level at which it shall be demonstrated that the risk is
ma de As Low As Reasonably Practical (ALARP);

Level I: normal situation (Acceptable).

K.2 Acceptability criteria

Tables K.l and K.2 gìve examples of risk acceptability criteria matrixes for the cumulative total of alI
plant risks and so can only be used when alI hazards have been assessed within the risk assessment It
cannot be used to assess indìvìdual hazard sequences unless each hazard is allotted a proportion of the
allowable overall plant risk. Should the overall risk level be exceeded a choice of which hazards to
ìmprove can be made so that the overall risk leve] is improved in the most cost effective manner.

The acceptability criteria are more stringent for the consequences outside the piant boun dari es.

Table K.l- Determination oflevel ofrisk inside plant boundary

Risk Consequences Consequences Consequences Consequences Consequences
dass Class Class Class Class

Frequency for Cumulative
ali plant frequency 5 4 3 2 1

accidents (peryear)

Range 1 > D,l 2 2 3 3 3

Range 2 D,l to 0,01 1 2 2 3 3

Range 3 D,DI to 0,001 1 1 2 2 3

Range4 D,ODI to 10-4- 1 1 1 2 2

Range 5 10-4to 10-5 1 1 1 1 2

Range6 10-5 to 10-6 1 1 1 1 1

Range 7 < 10-6 1 1 1 1 1

TOLERABILITY OF HAZARDS:

1 = nonnal situation

2 = ALARP region

3 = not acceptable
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Table K.2- Determination oflevel of risk outslde the boundary plant

Risk Consequences Consequences Consequences Consequences Consequences
c1ass Class Class Class Class

Frequency Cumulative
for all plant frequency 5 4 3 2 1
accidents (peryear)

Range 1 > 0,1 2 3 3 3 3

Range 2 0,1 to 0,01 2 2 3 3 3

Range 3 0,01 to 0,001 1 2 2 3 3

Range 4 0,001 to 10-4 1 1 2 2 3

Range 5 10-4 to 10-5 1 1 1 2 2

Range 6 10-5 to 10-6 1 1 1 1 2

Range 7 < 10-6 1 1 1 1 1

TOLERABILlTY OF HAZARDS:

1 = normal situation

2 = ALARP regio n

3 = not acceptable
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AnnexL
(informative)

Typical process steps of liquefaction

L.IIntroduction

Liquefaction plant is consìdered to start at the inlet to the acid gas remo val unit and to terminate at the
inIet to the LNG (and other liquid hydrocarbon) rundown lines. Gas transmission, treatment upstream
of acid gas removal and product and refrigerant storage are excluded from this annex. Descriptions of
commonly used processes are given, however there is no implication that these are the best or onIy
processing options.

L.2Treatment ofnatural gas/exrractìon ofacid gas es

L.2.1 Generai

The purpose of the acid gas extraction unit is to reduce the C02 and HZS content within the gas to be
liquefied to values which are compatible with commercìal and legal gas specifications and are
compatible with cooling requirements [risk of solidification). Contents tolerated within the treated gas
are:

COz < 100 )(10-6 by volume;

H2S < 4 x 10-6 by volume.

The selectìon of the treatment process will depend on the type and concentration of impurities to be
removed. Commonly used processes are described below,

L.2.2 Absorption processes

L.2.2.1 Principle of operation

The principle of such processes is to absorb acid gases from the gas to be treated, by scrubbing with an
absorption solution within a tray-type or packed-type absorber.

The absorbent solution can be:

either chemical (formation of a chemical compound which, on temperature rise, dissociates by
releasìng acid gases);

or physical (absorption brought about by pressure, which then, through lowering of pressure,
allows the initial solution to be regenerated).

In certaìn processes, the absorption solution ìs a mixture of chemical and physical solvents.

Some absorption solutions contain additives designed to improve reactivity of the solvent, reduce risks
of corrosion or prevent foamìng,

L.2.2.2 Operating parametersjperformance data

Design of an acid gas extraction plant requires knowledge of nominaI values of the operating
parameters of the plant which are Iisted below, and also the ranges of variation of such parameters:
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flow rate, pressure, temperature, composition and acìd gas content of incoming natural gas
entering the plant for treatment;

flow rate, pressure and acid gas content of treated natural gas leaving the plant;

absorption solution circulation rate and concentration.

In partìcular, the following values should be ensured by the process holder and/or the manufacturer:

flow rate of treated natural gas leaving the plant;

acid gas content of outgoing treated natural gas;

pressure drop on the natural gas circuit;

absorption solution concentration;

absorption solution circulation rate;

absorption solution losses:

consumption of utili ties, for the rated operating conditions of the plant.

L.2.2.3 Particular features

Design ofthe plant should take account of certain features which are specific to this type ofplant.

a) Risks of foaming in the absorber

Formation of foam inside the absorber brings about deterioration in the performance of the
absorber and driving of foam (and therefore of absorptìon solution) with the treated gas as it leaves
the over head of the absorber,

Foaming can occur for several reasons:

1) incorrect design or poor sizing of the absorber;

2) presence of solid particles in the solution;

3) presence ofliquid hydrocarbons in the scrubbing solution.

The absorption solution should be filtered in order to prevent accumulation of solid particIes.

The gas entering the absorber should not contain liquid hydrocarhons. It should furthermore be
checked that there is no risk of condensation of hydrocarbons witbin the absorber. If the presence
of liquid hydrocarhons in the absorption solution cannot be excluded, installation of a device for
absorption of liquid hydrocarhons (passing at least part of the solution in circulation over a bed of
activated carbon, for example) is recommended.

"Antì-foarn" additive can be injected into the solution as long as its presence will not bring about
secondary effects which impair operation of the plant.
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Under certain circumstances (such as high temperature or high acid gas concentration) absorption
solutions can become corrosive to steel.

bJ Risks of corrosion

In addition to weakening of the metal, corrosion residue promotes foaming in the absorber - hence
the importance of proper selection of construction materials and heat treatment in order to prevent
corrosion phenomena.

A corrosion inhibitor can be added to the solution as long as it does not bring about secondary
effects which are harmful to operation of the plant.

UNI EN 1473:2016

L.2.3 Molecular sieve adsorption process

Molecular sìeves, which are widely used for gas dehydratìon, have the property of adsorbing acid gases
as well. However, the number of molecular sieve vessels to be installed, and the volume of flow of
regeneration gas necessary, limit use of molecular sieves to natural gases with low acid gases content
(Iess than 0,2 % by volume for large capacity LNG plants up to about 1,5 % by volume for LNG peak-
shaving plants).

Please see information on dehydration units in L.3 belo w for use of a process of this type.

L.2.4 Other sulphur processes than H2S

In addition to H2S, the raw natural gas can contai n other sulphur compounds (COS,mercaptans etc.)
which are generally not removed by the acid gas removal treatment, while LNGspecifications usually
include a limit on total sulphur quantity. The concentration of such sulphur compounds in the naturai
gas can therefore need to be reduced.

The choice of process is related to the quantity and type of sulphur compounds present in the raw
natural gas stream. Possible processes include cryogenic distillation (the sulphur compounds are
removed durìng NGLextraction from the natural gas and definitively removed by treatment of the LPG)
and on the molecular sieves used for dehydration.

L,3Natural gas treatmentj dehydration

L,3.1 GeneraI

The water content of treated gas should be less than 1 x 10-6 by volume. Dehydration of natural gas to
be liquefied is generally carried out on molecular sieves. Activated alumina or silica gel can also be used.

L,3,2 Principle of operation

Dehydration is done by passing wet natural gas over a bed of molecular sieves. Molecular sieves are
aluminosilicates of sodium, calcium or potassium with regular pore size crystalline structures which
allow great selectivity concerning the size of molecules adsorbed and give high adsorption capacity.

A dehydration unit indudes at least two dryers which contain molecular sieves. One is in adsorption
while the other is in regeneration. Regeneration is carried out at high temperature (200°C to 250°C) by
circulating dry gas which has been heated beforehand in a heater or a heat exchanger.

Regeneration can be carried out either at the same pressure as adsorption, using dry gas recyded
through a compressori or at low pressure.

In order to reduce the quantity of water to be removed from the gas by the molecular sleves, natural gas
is generally cooled - while at the same time remaining above hydrate formation temperature - in such a
way as to condense part of the water before passing over the molecular sieves,
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L.3.3 Operating parameters/performance data

Design of a dehydration plant requires knowIedge of nominaI values of the operating parameters of the
plant which are listed beIow, and also the ranges of variation of such parameters:

flow rate, pressure, temperature, composition and water content of incoming natural gas entering
the plant for dehydration:

flow rate, pressure and water content of dry natura I gas leaving the plant;

flow rate and pressure of regeneration gas to the dryers;

temperature of hot regeneration gas;

duration of cycle.

In partìcular, the following values should be ensured by the process holder and/or the manufacturer,
for the rated conditions of operation of the plant:

flow rate of dry natura I gas leaving the plant;

pressure drop on the natural gas circuit;

water content of outgoing dry natural gas;

flow of regeneration gas to dryers;

temperature of hot regeneration gas;

life of molecular sieves.

L.3.4 Particular features

In order not to damage the crystalline structures of molecular sieves, ìt ìs necessary to protect them
against any untimely arrivaI ofliquid (acid gas removal solution, water or liquid hydrocarbons).

Attrition, which causes formation of molecular sieve dust can be minimized through careful control of
the changes in regeneration gas temperature and, when regeneration is carri ed out at Iow pressure, by
gradual de-pressurìzing and re-pressurizatìon,

Low points on pipe works where water could condense and then accumulate should be avoided.

The presence of molecular sieve dust can upset operation of valves and, therefore, it ìs necessary to take
account of this when choosing the type of valve and positioning of valves.

Dry gas leaving the dryers should be carefully filtered (cartridge filters, generally) in order to prevent
any entrainment of molecular sieve dust into the cryogenic exchangers of the liquefaction unit.

It is recommended to provi de a standby period at the end of the regeneration phase of approximately
15 min to 30 min for export terminals and up to lO min for peak-shavìng plants. This peri od of time
makes ìt possible for action to be taken in the event of mal-operatìon of automatic mechanisms or
blockage of a valve.

L.4Treatment ofnatural gas/removal ofmercury

Certain natural gases can contai n quantities of mercury. Mercury can, under certain conditions, be
extremely corrosive to aluminium which is a metal widely used for construction of cryogenic
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exchangers and possibly certain other items of equipment. If the gas to be liquefied contains mercury, it
is essential to remove it before the natural gas enters the liquefaction unito

Extraction of mercury from natural gas is done by passing the gas through a reactor bed made up of
sulphur, iodine or metal sulphide impregnated beads or pellets of high porosity alumina, activated
carbon or molecular sieve. In generaI, the target specification at the outlet of the de-mercurization unit
shall be below 0,01 flg/m3 ofmercury of gas measured at 1013 mbar and at O°C.

This process is not regenerative. The absorbent mass should be replaced when it is saturated.

L.SNatural gas liquefaction unit

L.5.1 Generai

The purpose of a liquefaction unit is to transform treated natural gas into liquefied natural gas (LNG) at
its boiling temperature at atmospheric pressure, in order to permit its storage and transportation.

L.5.2 Principle of operation

L.S.2.1 Natura. gas cìrcuit and fraetionation

Treated gas enters the liquefaction unit after acid gases, water and, if appropriate, mercury have been
extracted. At this stage, however, the gas can stili contai n heavy and aromatic hydrocarbons. If not
removed these components are liable to solidify in the course of cooling, gradually clogging the
cryogenic exchangers and potentially relief valves. The natural gas is therefore cooled from ambient to
LNGtemperatures in two stages, generally designated as pre-cooling and liquefaction.

After pre-cooling the partially condensed natural gas ìs fractionated in such a way as to extract a C2+
cut. This C2+ cut contains alI the undesirable (C5+) heavy hydrocarbons, and also etbane, propane and
butane. A small part of these components might be used as make-up far refrigerant cycles, and
surpluses might be extracted for marketing or re-ìnjected into the natural gas to be liquefied. The
higher the desired extraction rate is for ethane, propane and butane, the lower the temperature will be
at which fractionation is to be carri ed out. If sulphur species such as mercaptans are removed at this
stage, this can dictate the process conditions for fractionation.

Natural gas thus cleaned of its heavier hydrocarbons can then be liquefied. The higher is the pressure of
the natural gas, the smaller ìs the work necessary for liquefaction. Therefore every effort should be
made to operate at the maximum pressure compatible with the heavy hydrocarbon extraction.

Following condensation at high pressure, the liquefied natural gas shall be sub-cooled to avoid
excessive vaporization following expansion to the atmospheric pressure of the storage tanks. Two
approaches are possible:

if the natural gas does not contai n much nitrogen (less than 1,5 mole % in generaI), carry out
complete sub-coolìng of the LNG down to an enthalpy level equivalent to a temperature slightly
below the bubble point temperature (approximately - 160°C) at atmospheric pressure. The sub
cooled LNGcan then be sent directly to the storage tanks;

carry out partial sub-cooling (approximately - 150°C) followed by expansion in a flash drum at a
pressure which ìs slightly above atmospheric; the flash gas produced on expansion is re-
compressed, in generaI for supplying the fuel gas system, whereas the LNG contained in the flash
drum is sent to the tanks using a pump. In LNG peak-shavìng plants, the final flash can be done
directly in the vapour space of the tank.

UNI EN 1473:2016

Complete sub-cooling requires additionalliquefaction energy consumption but avoids the need for LNG
pumps and a flash gas compressor. If nitrogen needs to be removed to obtain the desired LNG quality

124



ICAROSRL
UNlstore - 2016 - 389043

EN1473:2016 (E)

this operation is done in the finai flash, or, for high nitrogen contents, in a low temperature
fractionating column.

L.S.2.2 Refrigeration cycles

The purpose of the refrigeration cycle(s) is to extract sensibie and latent heat from the natura} gas to
transform it from the gaseous state at high pressure to the liquid state at atmospheric pressure.

Liquefaction of natural gas requires production of refrigerating power from ambient temperature to
approximately - 150 °Cto - 160 °C.

Base-load liquefaction plants generally use two refrigeration cycles working in cascade, whereas only
one refrigeration cycle is generally preferred in LNGpeak-shavìng plants.

A refrigerant compressor can be driven by gas turbine. steam turbine or electric motor. Refrigerants are
made up either of a mixture of Iight hydrocarbons (wìth, if appropriate, nitrogen in order to obtain the
Iowest ternperatures], or by a pure substance such as propane, far example.

L.5.3 Operating parametersjperformance data

Design of a natural gas liquefaction unit requires knowledge of nominai values of the operating
parameters of the unit which are listed below, and also the ranges of variation of such parameters:

flow rate, temperature and the detailed composition of the natural gas entering the uniti

flow rate of liquefied natural gas leaving the uniti

pressure, temperature and composition of outgoing LNG;

conditions: temperature, pressure, flow rate and composition of other streams leaving the unit
(C5+ cut, ethane, propane, butane, gasoline and flash gas if appropriate);

conditions of the different utilities available and, most especìally, temperature of the cooling air or
water;

extraction rates of commerciai ethane, propane and butane.

In particular, the following values should be guaranteed by the process licenser and/or the
manufacturer, for the rated operating conditions ofthe plant:

the flow rate of LNGleaving the unit;

the temperature of the outgoing LNG;

the composition ofthe outgoing LNG;

the flow rate, pressure, temperature and composition of commerciai ethane, propane and butane,
as appropriate;

utility consumptions.

L.5.4 Lowtemperatures

The fact of working at low temperature, on the one hand, and of having units which are often of very
high capacity, on the other, leads to characteristics which are specific to this type of piant.
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Design temperatures of equipment and of pìpe-work require the selected construction materials to be
compatible with the temperatures encountered in both normal and transient operation [start-up,
shutdown, upset) ofthe unit.

Three categories of steel materials are generally provided for (see EN ISO 16903 far details):

carbon steel for non cryogenic low temperatures (typically > -46°C);

3,5 % nickel alloy steel for design temperatures > -104°C;

9 % nickel alloy steel or stainless steel for design temperatures > -196°C.

These categories can eventually be extended where the design temperature can only be obtained by
depressurization and where steps are taken to avoid re-pressurization of cold equipment.

As in any low temperature plant, it is necessary to install means for careful drying of circuits prior to
starting in order to eliminate any trace of moisture in the cryogenic circuits as a whole.

Make-up for coolants should be perfectly dry and shall not contain any component liable to solidify at
the temperatures encountered.

L.5.5 Specific equipment

L.S.S.l GeneraI

Natural gas liquefaction units contaìn specific items of equipment, cryogenic exchangers, turbo-
compression sets and cooling systems, which are particularly large in LNGexport terminals.

L.5.S.2 Cryogenicexchangers

The design of cryogenic exchangers of LNGunits should comply with a number of requirements:

presence of several warm side fluids (refrigerants at various pressure stages, vapour and/or liquid,
natural gas) flowing counter current [and/or cross current) to lower pressure refrigerants which
are generally bì-phase:

large temperature differences for each fluid across the heat exchanger;

small temperature differences between the warm and the cold circuits throughout the heat
exchanger;

significant metal temperature gradients within the heat exchanger;

low temperatures;

very large amounts of heat exchanged;

high differential pressures;

high mass flow rates.

Two types of equipment enable the requirements as a whole to be met: spool-wound heat exchangers
and plate-fìn heat exchangers.

Spool-wound heat exchangers are widely used in large capacity LNG plants. They are made up of a
succession of layers of aluminium (or stainiess steeI) tubes helically wound around a core. Fluids at high
pressure to be condensed or sub-cooled circuIate insìde the tubes, whereas the coolant is vaporized at
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low pressure in the shell outside the tubes. Such a design allows exchangers with very large unit heat
transfer areas to be built.

Aluminium brazed plate fin exchangers are widely used in the cryogenic field for gas separation and/or
gas liquefaction.

The design of these exchangers results in a large heat transfer area within the relatively small volume of
a core.

Brazed plate fin heat exchangers are manufactured as modular cores of up to a maximum sìze of
approximately 12 ml. For high pressure servi ce, the maximum core size should be further limited to
ensure the mechanical integrity of the heat exchanger. Large heat transfer duties need therefore to be
achieved by the assembly of several cores in parallel, usually in perlite filled coId boxes.

Other plate-type heat exchangers, using welded stainless steel plates, presently used in hot services,
could be adapted to cryogenic services in LNGunits.

L.5.5.3 Compression systems

L.5.5.3.1 Generai

LNGexport terminals require the use ofvery powerful refrigerant compression systems.

L.5.5.3.2 Refrigerant compressors

Centrifugai compressors are the type most widely used in the LNG industry. However the quest for
increased LNG export terminaI unit capacity has led to the increased use ofaxial type compressors
when the compressor suction flow exceeds centrifugaI compressor capacity. Furthermore, axial
compressors have a better efficiency than centrifugaI machines.

Careful design and manufacture of compressor anti-surge devices is required. Indeed, the power
dissipated in such devices is so high that aero-elasticity and excessive stress can arise leading to metai
cracks and ruptures if not properly taken into account

L.5.5.3.3 Drivers

Many exìstìng LNG export terminais use steam-turbines as refrigeration compressor drivers. Steam
turbines are available in a very Iarge power range and have excellent reliability.

Gas turbines are increasingly preferred as refrigeration compressor drivers resuiting from several
technicai factors:

no high pressure steam is required (with the corresponding boiler feed water treatment]:

Iarge reduction of cooling water consumption;

it 1.S possible to ìncrease the overall efficiency by heat recovery on the gas turbine exhaust gases.

The influence of ambient air temperature variations on the power delivered by the gas turbine (power
decreases when air temperature increases) needs to be taken into account.

Two-shaft gas turbines are commonly used as compressor drivers because of the advantages of
operating at variable speed.

If the power requirement exceeds the capability of two-shaft gas turbines, it is possible to use large
single shaft gas turbines originally built for eIectrical power generation and where operation at
constant speed is no handicap. Adjustment of the composition of the refrigerant mixture during design
and if required during operation can be made to fit the constant compressor speed. Start-up requires
specìal attention.
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In ali case s, because of the importance of the refrigerant compression systems for the good operation of
LNG unìts, such equipment should be designed, manufactured, operated and maintained very carefully
in order to achieve maximum reliability.

L.S.S.4 Cooling system

In base load liquefaction traìns, a huge heat duty shall be rejected to the environment via the cooling
system.

As such plants are most frequently Iocated on the coast for transportation of LNGby tanker; sea water
ìs frequently used as the cooling medium.

The volume flow of sea water necessary, particularly when refrigerant compressors are driven by
steam turbìnes, can justify the choice of a siphoned sea water system which permits a significant
reduction in pumping energy and reduces the risks of corrosìon, by lowering the oxygen content in the
cooling system. In a sea water circuit particular attention should be paid to corrosion and to the risk of
development ofliving organisms (algae, mussels, etc.) within the circuito

If site conditions (such as elevation or sea water quality) make it uneconomic to use sea water as a
coollng fluid, it is possible to use either a closed fresh water circuit with cooling tower or air-cooled
heat exchangers. Problems can arise because of development of bacteria in fresh water circuits. This
should be prevented by appropriate water treatment
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AnnexM
(informative)

Odourant systems

M.l Odourants in generai

Odourization is achieved by the addition of an odourant which ìs typically a blend of volatile organic
suIphur compounds e.g. ethyl mercaptan, tertiary butyl mercaptan, methyl ethyl suIphide and diethyI
suIphide, or a single component such as tetrahydrothiophene. Odourant Iiquids are volatile, flammable
and of extremely noxious smell.

In theìr concentrated form most ofthose products are toxic.

M.ZOdourant systems requirements

M.2.l GeneraI

The odorizing piant generally consists of a storage tank, smaller feed tanks, pumps and associated
valves and pipe-work. The piant shouId be designed for ease of maintenance and operation and
protection frompossìble impact damage. Care should be taken that materìals used in the construction
are compatible with odourant. In particular, copper and copper based alloys, polyethylene and
polypropylene and butyl and natural rubber are attacked by liquid odourants and should not be used in
the construction ofthis equipment. Welded pipe connections should be used whenever possible.

During normal operations there should be no emission of odourant to the atmosphere and the system
shall be designed to eliminate and minimize all possibie emissions.

The tanks and injection equipment should be located within a bunded area with provision for the
drainage of rainwater, It shouId not be possibie for spills or leaks to accumulate under storage vessels
or equipment.

M.2.2 Storage

Lìquid odourant may be stored in fixed tanks with a road tanker off-loadìng point, or supplied in
stainless steel transportabie containers with international approvaI for the transport of dangerous
goods under UN lAlW/X2.0 /900, This latter method enables connection directly to injection
equipment with dry break couplìngs, and flexible braided PTFE hoses, thereby avoiding the need to
transfer odourant from a road tanker to the fixed storage tank and reducing the risk of accidental
spillage.

lt is recommended that there should be the minimum number of pipe connections to the storage tank
below the maximum liquid content level of the tank.

An oxygen free gas blanket compatible with the selected odourant shouId be provided above the liquid
odourant.

M.Z.3Odourant pumps and valves

lt is recommended to use pumped odourant piant to odorize large volumes of gas. Where volumes of
gas to be odorized are small, the use of an evaporative type of odourant piant can be considered.

Odourant pumps shouId be of a design, which mìnìmìzes the possibility of Ieakage,

Pumps should have filters on the suction sìde and be capable of handling the whole range of flows.
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Piping should be seamless stainless steel and connections, wherever possìble, should be welded.

Ali valves, flanges and fittings should be designed in accordance with EN 1092-1, EN 1759-1, EN 1514
and EN 12560.

M.3 Odourant handling

M.3.l Generai

The precautions for odourant handling are those of any low flash point material. Additionally, owing to
its pungency and toxicity see M.6 safety ofpersonnel.

M.3.2 Delivery

Inert gas and methanol should be available to flush and purge the delivery hose and associated
equipment lf bulk transfer is to be undertaken.

Spillage trays, absorbent and decontamination equipment should be available at the tanker-unloading
bay.

Self-sealing couplings should be used on the connections from the delivery vehicle, designed to dose
when the hose is disconnected.

The tanker should be connected to a static earthing point, temporarily, to discharge any accumulated
electrical charge. The delivery hose should be electrically bonded to the bulk storage tank.

A vapour return system between delivery and storage tanks should nonnally be used for bulk transfer.
If not a flare system or other means of disposal such as connection to the boìl-off system can be
considered.

M.3.3 Flushing and purging

All equipment should be decontaminated prior to dismantling for maintenance or inspection by
draining or pumping liquid odourant from the equipment then flushing with methanol or other
appropriate medium. After pumping the residual methanolfodourant, vapour can be purged with
natural gas and finally inert gas to flare or into a suitable low-pressure line such as the boìl-off system.
Work should be covered by specially prepared procedures.

M.4 Odourant injection

The facility should be designed to be operable throughout the range of natural gas pressures, which can
be seen at the injection point. Spraying nozzles should be sized to suit the full range of gas flow rate; if
needed, several nozzles can be installed with appropriate automatic control to maintain a constant ratio
of odourant to gas.

The injection stream ìtself should contain at least two pumps in parallel, one operational and the other
standby (depending on the flow range required, a number of differently sized pumps may be used).

The injection rate should be closely monitored and controlled to ensure the minimum degree of
odourization is always achieved. It is recommended that the injection rate should be controlled by the
signal from the gas flow meters.

The amount of odourant in the gas, if required, can be measured as follows:

by automatic sulphur titration which continuously measures the totai sulphur of a flowing sample
of the odorized gas;

by checks ofthe odorized gas using a sulphur chromatograph.
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M.5 Odourant leakage

A spill or leak of gas odourant results in an obnoxious odour, which - unless promptly neutralized -
usually leads to employee and neighbour complaints. It is important that, if spills or leaks occur, the
odourants are promptly neutralized and the odour masked. There are several agents available for this
and proven methods for effectively handling the situation (see the Material Safety Data-Sheets for
advice on clean up).

An effettive method of neutralization is based on converting the spilled odourant to a relatively low
odour disulphide, through chemical oxidation. This may be achieved by spraying or flooding the spill
area with a dilute bleach solution. Either sodium hypochlorite or calcium hypochlorite in dilute solution
in water may be used. Dilute solutions are more effective than commerciaI or concentrated solution; for
example, fifty litres of a Y2 % solution is generally much more effective than 5 l of a 5 % solution.

Because the chemica] oxidation is not instantaneous, it is recommended that an odour-masking agent
be applied along with the dilute bleach solution.

Use of dry calcium hypochlorite powder on a concentrated odourant should be avoided because the
heat of the exothermic reaction may cause ignition of the organic mercaptan in the odourant.

Spilled liquid should be absorbed using dry sand or other recommended inert absorbent, neutralized
and placed in sealed drums for proper disposaI. A spillage of liquid odourant can also be blanketed with
firefighting foam in order to reduce the evaporation rate.

It should be noted tbat the precise source of leakage could be difficult to identify as the highly volatile
nature of odourant can result in rapid evaporàtion leaving no visible signs. Odourants have an "odour
platform", whereby the concentration in air can increase significantly without any noticeable increase
in smelL

M.6 Safety of personnel

The Material Safety Data-Sheets for the odourant should be consulted for advice on the personal
protection equipment required for the operators to safely handle the material. As a minimum, in any
operation involving odourant, operators shall wear PVCgloves, eye protection and impervious clothing,
which ìs readily decontaminated after use,

If a spillage of odourant occurs, personnel required to work in the area should wear self-contaìned
breathing apparatus together with the above protective clothing.

If an operator ìs splashed with odourant, any contaminated clothing should be removed and skin
washed with running water. A doctor should examìne all eye splashes.

Safety shower and eyewash should be installed in the vicinity of the odourant handling area.
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INTRODUCTION: 
 
LNG (Liquefied Natural  Gas) has been a viable form of energy and safely handled for 
many years.   The industry  is  not  without i ts incidents and accidents,  but  i t  maintains 
an enviable “modern-day”1 safety record.   The process of natural  gas l iquefaction,  
storage and vaporization is  not a new technology.  Earliest  patents involving 
cryogenic l iquids date back into the mid-1800s.   The first  patent  directly for LNG was 
awarded in 1914.   In 1939,  the first  commercial  LNG peak-shaving plant  was buil t  in 
West Virginia.   There are now over 120 peakshaving and LNG storage facil i t ies2 
worldwide, some operating since the mid-1960s.   In addit ion,  there are 58 import 
(regasif ication) terminals worldwide and More than 23 base-load l iquefaction (LNG 
export)  facil i t ies in various countries including Abu Dhabi,  Algeria,  Angola,  
Austral ia,  Brunei,  Egypt,  Equatorial  Guinea,  Indonesia,  Iran (2012),  Libya,  Malaysia,  
Nigeria,  Norway, Oman, PNG (2013),  Qatar ,  Russia,  Trinidad,  Yemen and U.S.  
(Alaska) currently  in operation.   LNG is transported by a f leet  of  more than 300 LNG 
Carriers of varying sizes from 18,500 M3 (cubic meter)  to 265,000 M3.   This f leet  of  
LNG ships delivers to receiving terminals in countries including: Argentina,  Belgium, 
Brazil ,  Canada,  China,  Dominican Republic,  France,  Greece,  India,  I taly,  Japan,  
Korea,  Kuwait ,  Mexico,  Portugal ,  Spain,  Taiwan, Turkey,  the U.K. and,  of  course,  the 
U.S.,  including Puerto Rico.  
 
The LNG storage tanks at  these facil i t ies are typically constructed of an interior 
cryogenic container,  usually made of 9% nickel  steel ,  s tainless steel ,  aluminum or 
other cryogenic alloy.   The outside wall  is usually made of carbon steel  or reinforced 
concrete.   A thick layer of  an insulating material  such as Perl i te  or  cellular  glass 
block separates the two walls .    
 
For land-based facil i t ies,  s ingle containment tank designs have a secondary earthen or 
concrete containment having a minimum capacity exceeding the capacity of the LNG 
tank(s) surrounds the LNG tank(s) .   When a tall  concrete wall  having an internal  
diameter sl ightly  greater  than the outside wall  of  the LNG tank,  is  used,  this  is  known 
as a double containment design for the LNG tank.   When the outer tank wall  and roof 
are of reinforced concrete then the tank is considered to be a ful l  containment type.  
In other designs,  the tanks are buried below ground level  or  for smaller  storage 
volumes are vacuum jacketed bullet  type pressure vessels located above ground.  In al l  
cases,  the objective is  to minimize the r isks and exposure of the public associated 
with failure of the LNG primary containment based on a catastrophic tank failure3 
scenario.   Many newer tanks are equipped with top tank penetrat ions only,  i .e . ,  no 
bottom or side wall  penetrat ions,  thus,  even in the unlikely event of  an external  piping 
fai lure,  tank contents remain in place.  
                                                 
1  Modern Day – Post mid-1950s - Cryogenic technologies came of age during the late 1950s and early 1960s with 

the development of the U.S. space program where cryogenic fuels such as liquid hydrogen and liquid oxygen had 
to be routinely and safely handled.   

2  This does not include dozens of small LNG vehicle fueling stations and industrial LNG fuel facilities. 
3  There has never been a catastrophic tank failure with any LNG, or similarly designed, storage tank fabricated of 

the proper cryogenic alloys. 
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With a few exceptions,  LNG handling facil i t ies have accumulated an exceptionally 
superior safety  record when compared to refineries and other petrochemical  industr ies.   
With the exception of the 1944 “Cleveland Disaster ,” al l  LNG-related injuries and/or 
fatal i t ies,  however devastating, have been l imited to plant  or contractor personnel.   
There have been no LNG shipboard LNG related deaths.   There has not been a member 
of the public injured by an incident  involving LNG since the failure of the improperly 
designed/constructed Cleveland facil i ty.   Small  LNG vapor releases and minor f ires 
have also been reported,  but  impact was l imited to the plant  and the hazard was 
promptly  handled by plant  personnel .   Other accidents have occurred during the 
construction and repair  of  LNG facil i t ies.   Some of these accidents have been used to 
tarnish the exceptional  safety record of LNG, but  as no LNG was directly involved in 
the incident,  these accidents can only truly  be called “construction” accidents.   
Damage has always been l imited to the plant  proper.    
 
The following three sections discuss land-based,  LNG ship and over-the-road LNG 
transport  incidents respectively.   Each section references an appendix l ist ing the 
various incidents.    

SAFETY RECORD OF LAND-BASED LNG FACILITIES 

The first  commercial  facil i ty  for producing or ut i l izing LNG was a peakshaving plant4 
that  began operat ions in 1941 in Cleveland,  Ohio.   Since then, more than 150 other 
peakshaving plants have been constructed worldwide (approximately one-half  of these 
are satel l i te  facil i t ies that  have no l iquefaction capabili ty).   In addit ion,  large base 
load natural  gas l iquefaction plants (export  facil i t ies)  and More than 30 large LNG 
import terminals have been constructed.  

There have been f ive incidents in operating LNG facil i t ies directly  at tributable to the 
LNG process that  resulted in one or more fatal i t ies – Skikda,  Algeria – 2004; P.  T. 
Badak (Bontang, Indonesia),  1983; Cove Point  Maryland, 1979; Arzew, Algeria,  1977; 
and Cleveland,  Ohio, 1944.   There were two other “LNG” incidents (Portland 1968 
and Staten Island 1973) involving worker deaths,  but  these correctly should be 
classif ied as “construction accidents” as no LNG was present.   See Appendix A for  
more detai ls  on these incidents and a complete l ist ing of land-based LNG facil i ty  
incidents.  

The accident at  East  Ohio Gas Company’s peakshaving plant  in Cleveland,  Ohio,  is 
the only incident  that involved injuries or fatal i t ies to persons not  employed by the 
LNG facil i ty or by one of i ts  contractors.   This accident is often used as an example of 
the danger or  risk involved in the LNG industry.   However,  the LNG industry has 
changed dramatically since 1944, as has virtually every other technology.  Modern 
LNG plants are designed and constructed in accordance with strict  codes and 
                                                 
4  A peakshaving plant  l iquef ies  natural  gas when customer  demand for  gas is  low and then 

vapor izes  the LNG when demand is  h igh,  thus handling per iods of  peak demand that  
cannot  be met  by exis t ing gas p ipelines .  
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standards that  would not  have been met by the Cleveland plant .   For example,  the 
al loy used in Cleveland for the inner vessel  of  the LNG storage tank is  now forbidden 
for use at  LNG temperatures and each LNG tank must now be located within a dike 
capable of containing at  least  110% of the tank’s capacity.   Further,  the National 
Association of State Fire Marshals concluded in their  May 2005 report,5 “Had the 
Cleveland tank been buil t  to current codes,  this accident would not have happened .” 

Although Appendix A is  intended to be a comprehensive l ist ing of incidents that  have 
occurred in land-based LNG facil i t ies;  i t  does not include al l  of  the minor,  but  
reportable incidents.   For example,  the outer  roofs or domes of a few conventional  
double-wall  LNG tanks have suffered small  cracks as a result  of  low temperature 
embrit t lement ini t iated by leaks of LNG from over-the-top piping.   These cracks 
al lowed LNG vapor ( i .e. ,  natural  gas)  to escape from the tanks.   In each case,  the 
tanks were safely repaired without being taken out  of  service.   Similarly,  the inner 
tanks of several  conventional  LNG storage tanks ( i .e. ,  cryogenic metal  inner tank and 
carbon steel  outer  tank) have been cracked as a result  of  frost  heave brought on by 
inadequate or inoperative below-tank heaters.   These tanks have been safely  entered,  
repaired and put  back into service.  

SAFETY RECORD OF LNG SHIPS (ALSO KNOWN AS LNG CARRIERS) 

The first  t ransportat ion of LNG by ship took place early  in 1959 when the Methane 
Pioneer (an ex-Liberty  ship that  had been extensively modified) carried 5,000 M3 
(cubic meters)  of  LNG from Lake Charles,  Louisiana, to Canvey Island,  near London,  
England.   Commercial  t ransportat ion of LNG by ship began in 1964 when LNG was 
transported from Arzew, Algeria to Canvey Island in two purpose-buil t  ships—the 
Methane Princess and the Methane Progress .  

The overall  safety  record compiled by LNG ships during the forty  six-year period 
1964 -  2010 has been remarkably good.   During this  period,  the LNG Carrier  ship f leet  
has delivered more than 30,000 shiploads of  LNG, and traveled more than 100 mill ion 
miles while loaded (and a similar  distance on return ballast  voyages).  

In al l  of  these voyages and associated cargo transfer  operations ( loading/unloading),  
no fatali ty  has ever been recorded for a member of any LNG ship’s crew or member of 
the general  public as a result  of  hazardous incidents in which the LNG was involved.   
In fact,  there is  no record of any fire occurring on the deck or in the cargo hold or 
cargo tanks of any operating LNG ship.  

According to the US Department of  Energy,  over the l ife of the industry,  eight marine 
incidents worldwide have resulted in spil lage of LNG with some hulls  damaged due to 
cold fracture,  but  no cargo f ires have occurred.   Seven incidents not  involving spillage 
were recorded,  two from groundings and several  ship collis ions but  with no significant 
cargo loss.  

                                                 
5  “Liquefied Natural Gas: An Overview of the LNG Industry for Fire Marshals and Emergency Responders” 
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Among LNG import and export  terminal personnel,  only one death can be even 
remotely l inked to the loading or unloading of LNG ships.   (In 1977, a worker in the 
LNG Export  Facili ty at  Arzew, Algeria was kil led during a ship-loading operation 
when a large-diameter valve ruptured and the worker was sprayed with LNG.  His 
death was the result  of  contact  with the very cold LNG liquid;  the spil led LNG did not  
ignite.   (See Item 6 in Appendix A.) 

Appendix B summarizes the historical  record of LNG ship incidents.   Although a 
major effort  was made to ensure the record presented is  complete,  i t  is possible that 
some incidents have been missed.   However,  i t  is  very unlikely that  a major incident 
has been omitted.   First ly,  nearly every shipping incident that  results in an insurance 
claim will  be published in “Lloyd’s List .”  Secondly,  even if  the ship owners are self-
insured,  news of major incidents travels  quickly through the LNG industry because i t  
is  composed of a relat ively small  number of  ship and terminal operators that often 
share experiences through industry  associations such as SIGTTO (the Society of 
International  Gas Tanker and Terminal  Operators) .  

Also included at  the end of Appendix B is  a description of a marine incident involving 
a l iquid petroleum gas (LPG) tanker which is  of  similar  design to many LNG ships.   
The incident provides some insight into the integri ty of the product  storage systems on 
these ships.     

OVER-THE ROAD LNG TRANSPORT ACCIDENTS 
 
Appendix C provides a part ial  compilation of over-the-road trucking incidents.   I t  is  
not  intended to be comprehensive as reports  of  these incidents are maintained in 
different  ways from state to state and internationally.   However,  much as with LNG 
ships,  i t  is very unlikely that  a major incident has been omitted.   The lis ts  do provide 
examples of the wide range of potential  vehicle accidents that  can occur.   Most 
notable,  not  a  single person outside the driver of the transport  was seriously injured 
and rarely did product  spil l  and far  more rarely  did i t  ignite.   I t  is  also important  to 
note that  many incidents reported by the media to involve LNG are often,  in fact ,  LPG 
that is a  different  product  and not at  cryogenic temperatures.     

SUMMARY 
 
The various incidents discussed,  when taken on a case-by-case basis ,  at tests  to LNG’s 
safety  record.   The fact  that  most  LNG opponents ci te Cleveland and Staten Island as 
examples of the dangers of LNG, clearly indicate that there is  l i t t le  else to make their 
point .   As devastating as both Cleveland and Staten Island were,  they have no 
relevance when discussing the design and operation of today’s modern LNG facil i t ies.    
 
LNG is cryogenic;  i t  is  a  l iquid;  and i ts  vapors are f lammable.   I t  is  not without i ts 
safety  concerns and risks.   I t ,  however,  can be produced,  transported and revaporized 
as safely,  and in most cases,  more safely, than other l iquid energy fuels.  
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1.  October, 1944 Cleveland, Ohio,  USA ~ “The Cleveland Disaster”  
 LNG Peakshaving Facil i ty 
  Any t ime the topic of LNG is introduced to a new audience the “Cleveland 

Disaster”  is  bound to surface.   I t  was indeed tragic,  but  an unbiased review 
will  show just  how far the industry  has come since that  horrific incident.   The 
East  Ohio Gas Company buil t  the f irst  “commercial” LNG peakshaving 
facil i ty in Cleveland in 1941.   The facil i ty  was run without incident  until  
1944,  when a larger new tank was added.   As stainless steel  al loys were 
scarce because of World War II ,  the new tank was buil t  with a low-nickel  
content  (3.5%) alloy steel .   Shortly after  going into service,  the tank fai led.  
LNG spil led into the street  and storm sewer system.  The resultant  f ire kil led 
128 people,  sett ing back the embryonic LNG industry substantial ly.   The 
following information is  extracted from the U.S.  Bureau of Mines report6 on 
the incident:   

 
  On October 20,  1944,  the tanks had been fi l led to capacity  in readiness for the 

coming winter months.   About 2:15 PM, the cylindrical  tank suddenly fai led 
releasing al l  of  i ts  contents into the nearby streets and sewers of Cleveland.   
The cloud promptly ignited and a fire ensued which engulfed the nearby 
tanks,  residences and commercial  establishments.   After  about 20 minutes,  
when the init ial  f ire had nearly  died down, the sphere nearest  to the 
cylindrical  tank toppled over and released i ts  contents.   9,400 gallons of LNG 
immediately  evaporated and ignited.   In all ,  128 people were kil led and 225 
injured.   The area directly  involved was about three-quarters of  a square mile 
(475 acres)  of which an area of about 30 acres was completely devastated.  

 
  The Bureau of Mines investigation showed that  the accident was due to the 

low temperature embrit t lement of the inner shell  of  the cylindrical  tank.   The 
inner tank was made of 3.5% nickel steel ,  a  material  now known to be 
susceptible to bri t t le fracture at  LNG storage temperature (minus 260°F).   In 
addit ion,  the tanks were located close to a heavily  traveled rai lroad stat ion 
and a bombshell  s tamping plant .   Excessive vibration from the rai lroad 
engines and stamping presses probably accelerated crack propagation in the 
inner shell .   Once the inner shell  ruptured, the outer  carbon steel  wall  would 
have easily fractured upon contact  with LNG.  The accident was aggravated 
by the absence of adequate diking around the tanks,  and the proximity of the 
facil i ty to the residential  area.   The cause of the second release from the 
spherical  tank was the fact  that  the legs of the sphere were not  insulated 
against  f ire so that  they eventually buckled after  being exposed to direct  
f lame contact .  

  Further ,  i t  should be noted that  the ignition of  the two unconfined vapor 

                                                 
6  “Report on the Investigation of the Fire at the Liquefaction, Storage, and Regasification Plant of the East Ohio 

Gas Co., Cleveland, Ohio, October 20, 1944,” U.S. Bureau of Mines, February, 1946. 
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clouds of LNG in Cleveland did not  result  in explosions.   There was no 
evidence of any explosion overpressures after  the ignition of the spill  from 
either the cylindrical tank or the sphere.   The only explosions that  took place 
in Cleveland were l imited to the sewers where LNG ran and vaporized before 
the vapor-air  mixture ignited in a relat ively confined volume.  The U.S.  
Bureau of Mines concluded that the concept of  l iquefying and storing LNG 
was valid if  “proper precautions are observed.” 

 
  The Cleveland Disaster  put  an end to any further LNG development in the 

United States for many years.   I t  was not  unti l  the early sixties that  LNG 
began to be taken seriously through construction of LNG peakshaving 
facil i t ies.   A number of elements came together to bring LNG back; these 
included: 

  The advent of the space program and i ts associated cryogenic technologies 

  Successful  large-scale f ire and vapor cloud dispersion demonstrations 

  Extensive cryogenic material  compatibil i ty studies 

  Construction and operation of l iquefaction plants in Algeria and receiving 
terminals in France and England.    

 
2.  May, 1965 Canvey Island, Essex,  United Kingdom 
 LNG Import  Terminal  
  A small  amount of LNG spilled from a tank during maintenance.   The spill  

ignited and one worker was seriously burned.   No other details  have been 
made available.  

 
3.  March, 1968 Portland, Oregon, USA 
 LNG Peakshaving Facil i ty -  Construction Accident,  no LNG present 
  Four workers inside an unfinished LNG storage tank were kil led when natural 

gas from a pipeline being pressure tested inadvertently  entered the tank as a 
result  of  improper isolation,  and then ignited causing an explosion.   The LNG 
tank was 120 feet  in diameter with a 100-foot shell  height and a capacity of 
176,000 barrels  and damaged beyond repair .   Neither the tank nor the process 
facil i ty  had been commissioned at  the t ime the accident occurred.   The LNG 
tank involved in this  accident had never been commissioned; thus,  i t  had 
never contained any LNG. 
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4.  1971 La Spezia,  Italy  
 LNG Import  Terminal  -  First  documented LNG Rollover incident  
  The LNG carrier  Esso Brega  had been in the harbor for  about a month before 

unloading i ts  cargo of “heavy” LNG into the storage tank.   Eighteen hours 
after  the tank was fi l led,  the tank developed a sudden increase in pressure 
causing LNG vapor to discharge from the tank safety valves and vents over a 
period of a few hours.   The roof of  the tank was also sl ightly  damaged.   I t  is  
est imated that  about 100 mmscf of LNG vapor (natural  gas)  f lowed out of  the 
tank.   No ignit ion took place.   This accident was caused by a phenomenon 
called “rollover,”7 where two layers of LNG having different  densit ies and 
heat  content are al lowed to form.  The sudden mixing of these two layers  
results  in the release of large volumes of methane vapor.  

 

5.  January, 1972 Montreal,  Canada  
 LNG Peakshaving Facil i ty -  Although an LNG facili ty,  LNG was not involved  
  On January 27,  1972 an explosion occurred in the LNG liquefaction and peak 

shaving plant of Gaz Métropoli tain in Montreal  East ,  Quebec.   The accident 
occurred in the control  room due to a back flow of natural  gas from the 
compressor to the nitrogen l ine.   Nitrogen was supplied to the recycle 
compressor as a seal  gas during defrosting operations.   The valves on the 
nitrogen l ine that were kept  open during defrost ing operation were not closed 
after  completing the operation.   This resulted in the over-pressurizat ion of the 
compressor with up to 250 -  350 psig of natural  gas.   Natural  gas entered the 
nitrogen header,  which was at  75 psig.   The pneumatically controlled 
instruments were being operated with nitrogen due to the fai lure of the 
instrument-air  compressor.   The instruments vented their  contents into the 
atmosphere at  the control  panel.   Natural  gas entered the control  room through 
the nitrogen header and accumulated in the control  room, where operators  
were al lowed to smoke.   The explosion occurred while an operator was trying 
to l ight a cigarette.    

 

6.  February,  1973 Staten Island, New York, USA 
 LNG Peakshaving Facil i ty -  Construction Accident,  no LNG present  
  Proper precautions have been common place in all  of the LNG facil i t ies buil t  

and placed in service ever since Cleveland (1944).   Between the mid-1960s 
and mid-1970s more than 60 LNG facil i t ies were buil t  in the United States.   
These peak-shaving plants have had an excellent  safety record.   This 
construction accident has consistently been used by opponents of  LNG as a 
case-in-point  to depict  the danger of LNG, after  al l ,  “40 persons lost  their  
l ives at  an LNG facil i ty.”   

                                                 
7  See Section 3.1 of CH·IV’s “Introduction to LNG Safety,” Short Course on LNG Rollover. 
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Here’s the story – 

  One of Texas Eastern Transmission Corporation’s (TETCO) LNG storage 
tanks on Staten Island had been in service for over three years when i t  was 
taken out  of  service for internal  repairs .   The tank was warmed, purged of the 
remaining combustible gases with inert  ni trogen and then fi l led with fresh 
recirculating air .   A construction crew entered the tank to begin repair  work 
in Apri l  of 1972.   Ten months later ,  in February of  1973,  an unknown cause 
ignited the Mylar l iner  and polyurethane foam insulation inside the tank.   
Init ial  s tandard operating procedures called for the use of explosion-proof 
equipment within the tank,  however non-explosion proof irons and vacuum 
cleaners were being used for sealing the l iner  and cleaning insulat ion debris.   
I t  is  assumed that  an electrical  spark in one of the irons or vacuum cleaners  
ignited the Mylar l iner.   The rapid r ise in temperature caused a corresponding 
rise in pressure inside the tank.   The pressure increase l if ted the tank’s 
concrete dome.  The dome then collapsed kill ing the 40 construction workers 
inside.   

 
  The subsequent New York City Fire Department investigation8 concluded that  

the accident was clearly  a construction accident and not an LNG accident.   
This has not prevented LNG’s opponents from claiming that  since there may 
have been latent  vapors from the heavy components of  the LNG that was 
stored in the tank, then i t  was in fact  an LNG incident .  

 
7.  March, 1977 Algeria 
 LNG Export  Facil i ty 
  A worker at  the Camel plant  was frozen to death when he was sprayed with 

LNG, which was escaping from a ruptured valve body on top of an in-ground 
storage tank.  Approximately 1,500 to 2,000 m3 of LNG were released,  but  the 
result ing vapor cloud did not ignite.   The valve body that  ruptured was 
constructed of cast  aluminum.  The current  practice is  to provide valves in 
LNG service that  are made with stainless steel .  

 
8 .  March, 1978 Das Island, United Arab Emirates 
 LNG Export  Facil i ty 

A bottom pipe connection of an LNG tank failed resulting in an LNG spil l  
inside the LNG tank containment.   The l iquid f low was stopped by closing the 
internal  valve designed for just  such an emergency.  A large vapor cloud 
resulted and dissipated without ignit ion.   No injuries or  fatali t ies were 
reported.   

                                                 
8  "Report of Texas Eastern LNG Tank Fatal Fire and Roof Collapse, February 10, 1973," Fire Department of 

the City of New York, July, 1973 
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9.  October,  1979 Cove Point,  Maryland, USA 
 LNG Import  Terminal  
  The Cove Point  LNG Receiving Terminal  in Maryland began operations in the 

spring of 1978.  By the fall  of 1979, Cove Point had unloaded over 80 LNG 
ships.   In 1979,  a tragic accident occurred at  Cove Point  that took the l ife of 
one operator and seriously burned another.    

  Around 3:00 AM on October 6,  1979, an explosion occurred within an 
electrical  substat ion at  Cove Point .   LNG had leaked through an inadequately 
t ightened LNG pump electrical  penetrat ion seal ,  vaporized,  passed through 
200 feet  of underground electrical  conduit  and entered the substat ion.   Since 
natural  gas was never expected in this  substat ion,  no gas detectors had been 
instal led in the building.   The natural  gas-air  mixture was ignited by the 
normal arcing contacts of a circuit  breaker,  result ing in an explosion.  The 
explosion kil led one operator in the building,  seriously injured a second and 
caused about $3 mill ion in damages.   

  The National  Transportat ion Safety  Board (NTSB) found9 that  the Cove Point 
Terminal was designed and constructed in conformance with al l  appropriate  
regulations and codes.   I t  further concluded that  this  was an isolated incident,  
not  l ikely to recur elsewhere.   The NTSB concluded that  i t  is unlikely that  
any pump seal ,  regardless of the l iquid being pumped, could be designed,  
fabricated or instal led to completely  preclude the possibil i ty  of leakage.   
With that  conclusion in mind,  building codes pertaining to the equipment and 
systems downstream of the pump seal  were changed.   Before the Cove Point  
Terminal was restarted,  al l  pump seal  systems were modified to meet the new 
codes and gas detection systems were added to all  buildings.  

 
10.  April ,  1983 Bontang, Indonesia 
 LNG Export  Facil i ty -  Maintenance Accident,  no LNG present  
  A major incident  occurred on April  14,  1983 in Bontang,  Indonesia.   The main 

l iquefaction column (large vert ical ,  spiral  wound, heat  exchanger)  in Train B 
ruptured due to overpressurizat ion caused by a blind flange left  in a f lare l ine 
during start-up.   All  the pressure protection systems were connected to this  
l ine.   The exchanger experienced pressures three t imes i ts  design pressure 
before rupturing.   Debris  and coil  sections were projected some 50 meters 
away.  Shrapnel from the column kil led three workers.   The ensuing fire was 
extinguished in about 30 minutes.   This incident  occurred during dry-out and 
purging of the exchanger with warm natural  gas prior  to introducing any LNG 
into the system, so no LNG was actually involved or released.   

                                                 
9  “Columbia LNG Corporation Explosion and Fire; Cove Point, MD; October 6, 1979" National Transportation 

Safety Board Report NTSB-PAR-80-2, April 16, 1980  
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11.  August,  1985 Pinson, Alabama, USA 
 LNG Peakshaving Facil i ty 
  The welds on an 8¼ inch by 12 inch “patch plate” on a small  aluminum vessel  

(3 feet  in diameter by 7 feet  tal l) fai led as the vessel  was receiving LNG 
which was being drained from the l iquefaction cold box.   The plate was 
propelled into a building that  contained the control room, boiler  room and 
offices.   Some of the windows in the control  room were blown inward and 
natural  gas escaping from the fai led vessel entered the building and ignited.   
Six employees were injured.  

 
12.  1987 Mercury, Nevada, USA 
 Department of Energy Test  Facil i ty 
  An accidental  ignit ion of an LNG vapor cloud occurred at  the DOE, Nevada 

Test  Site on August  29,  1987.   The large-scale tests  involving spil ls  of  LNG 
on water were sponsored by the Department of Energy and Gas Research 
Insti tute to study the effectiveness of vapor fences in reducing the extent  of 
downwind dispersion of LNG vapor clouds.   The cloud accidental ly ignited 
during Test  #5 just  after  a sequence of relat ively strong rapid phase 
transi tions (RPTs) which damaged and propelled polyurethane pipe insulation 
outside the fence.    

 
  The official  explanation was that  a spark generated by stat ic electr ici ty 

approximately 76 seconds after  the spil l  was the most l ikely source of 
ignit ion.   An independent investigation on behalf  of  Gas Research Inst i tute 
showed that  a  more l ikely source of ignit ion was oxygen enrichment between 
the surface of the LNG pipe and the combustible polyurethane foam 
insulation.  Oxygen enrichment occurred during the long cool-down period 
with l iquid nitrogen that  preceded the LNG test .   Such enrichment had been 
previously observed during tests  carried out  by an LNG tank design and 
manufacturing company.  Impacts during the RPTs may have ignited the 
insulation but not the nearby fuel-rich vapor cloud.  However,  when a 
smoldering insulat ion fragment was propelled outside the fence by an RPT, i t  
ignited the port ion of the cloud that  was within the f lammable l imits .   The 
duration of the f ire was 30 seconds.   The flame length was about 20 feet  
above the ground. 

 
  There have been other accidental  ignit ions involving LNG during large-scale 

tests .    

  One occurred in England during large-scale f ire tests being carried out by 
Brit ish Gas Corporation.   Stray currents from a nearby radar stat ion were 
blamed for prematurely  ignit ing the primer that  was eventually  to be used 
to ignite the LNG cloud.   

  Another occurred in Japan during similar  large-scale tests  carried out by 
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Japan Gas Association.   The ignit ion mechanism was not explained.    

  During a test  at  a  research facil i ty  near San Clemente,  California,  a  sudden 
change in wind direction caused the vapor cloud to encounter a tractor that  
was moving some of the test  equipment.   The tractor ignited the vapor 
cloud,  badly burning the driver.   A researcher was also in the vapor cloud 
at  the t ime of ignit ion.   He was able to get  out  of  the vapor cloud before 
the f lame front reached him by running crosswind and was not injured.    

  
13.  1988 Everett ,  Massachusetts,  USA 
 LNG Import  Terminal  
  Approximately 30,000 gallons of LNG were spil led through “blown” flange 

gaskets during an interruption in LNG transfer at  Distr igas.   The cause was 
later  determined to be “condensation induced water hammer.”10  The spill  was 
contained in a small  area,  as designed.   The st i l l  night prevented the 
movement of  the vapor cloud from the immediate area.   No one was injured 
and no damage occurred beyond the blown gasket.   Operating procedures,  
both manual and automatic,  were modified as a result .  

 
14.  1989 Thurley,  United Kingdom 
 LNG Peakshaving Facil i ty 
  While cooling down the vaporizers in preparation for sending out  natural  gas,  

low-point  drain valves were opened on each vaporizer.   One of these drain 
valves had not been closed when the pumps were started and LNG entered the 
vaporizers.   As a result ,  LNG was released into the atmosphere as a high-
pressure jet .   The resulting vapor cloud ignited about thir ty seconds after  the 
release began.   The flash f ire covered an area approximately 40 by 25 m.   
Two operators received burns to their  hands and faces.   The source of ignit ion 
was believed to be the pilot  l ight  on one of the other submerged combustion 
vaporizers.  

 

15.  December 9,  1992 Baltimore,  Maryland, USA 
 LNG Peakshaving Facil i ty 

A rel ief  valve on LNG piping near one of the three LNG tanks fai led open and 
released LNG into the LNG tank containment for over 10 hours,  result ing in 
an est imated loss of over 25,000 gallons into the LNG tank containment.   The 
LNG also impinged on the LNG tank causing embrit t lement fractures on the 
outer  shell .   The LNG tank was taken out of  service and repaired.   No plant 
personnel  were injured,  no vapor was ignited and none traveled outside the 
plant area.    
 

                                                 
10  See description in Section 3.1 of CH·IV’s “Introduction to LNG Safety”  
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16.  1993 Bontang, Indonesia 
 LNG Export  Facil i ty 

An LNG leak occurred in the open run-down l ine during a pipe modification 
project  in Train E.  LNG entered an underground concrete oily-water sewer 
system and underwent a rapid vapor expansion that  overpressured and 
ruptured the sewer pipes.   No ignit ion of the vapor occurred,  but  the sewer 
system and some nearby equipment was damaged.  There were no injuries.   

 

17.  September, 2000 Savannah, Georgia,  USA 
 LNG Import  Terminal  
  In September 2000,  a 580-foot ship,  the Sun Sapphire,  lost  control  in the 

Savannah River and crashed into the LNG unloading pier at  Elba Island.   The 
Elba Island facil i ty  was undergoing reactivation but had no LNG in the plant .   
The Sun Sapphire,  carrying almost  20,000 tons of palm and coconut oil ,  
suffered a 40-foot  gash in her hull .   The point  of  impact  at  the terminal  was 
the LNG unloading platform.  Although the LNG facil i ty experienced 
significant damage,  including the need to replace five 16" unloading arms,  
there was no indication that  had LNG been present in the piping that  there 
would have been a release.   Given the geometry of the Savannah River at  Elba 
Island, i t  is  doubtful  that  had an LNG ship been present that  a similar  
ramming could have penetrated the double hull  and released any LNG.   

 
18.  August 16,  2003 Bintulu, Malaysia 

LNG Liquefaction and Export  Facil i ty 
A major f ire occurred in the exhaust  system of the propane compressor gas 
turbine in the first  t rain (train 7) of the MLNG Tiga project .   A crack had 
developed in the joint  between the tube and header of  the regeneration gas 
coil  in the waste heat  recovery unit  (WHRU).  This leakage went undetected.  
The propane compressor and turbine experienced a tr ip that  was unrelated to 
the gas leakage.   The procedure was then for the turbine to go into a slow 
rotat ion of 6 rpm using the barring motor,  which successfully occurred.   
Because of the rotat ion of the turbine blades and the chimney effect  of  the 
turbine exhaust  s tack,  air  was drawn in through the turbine and into the 
exhaust  duct .   The natural  gas escaping from the regeneration coil  crack 
mixed with the air  inside the WHRU that  was st i l l  at  a  very high temperature,  
near the normal operating exhaust  temperature of 570°C.  When the gas air  
mixture reached i ts  lower flammabil i ty l imit  and auto ignit ion temperature of 
537 °C, an explosion inside the WHRU resulted.   The incident  caused damage 
to the WHRU ducting,  hot  oi l  and regeneration coils  gas turbine and 
compressors,  as well  as superficial  damage to the compressor building.   No 
injury occurred to any personnel.   While the incident  involved natural  gas and 
was in an auxil iary system for one of the major pieces of the refrigeration 
system it  did not directly involve LNG or any part  of  the cryogenic systems. 
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19.  January 19, 2004 Skikda, Algeria 
 LNG Liquefaction and Export  Facil i ty 
  A leak in the hydrocarbon refrigerant system formed a vapor cloud that was drawn into 

the inlet of a steam boiler.  The increased fuel to the boiler caused rapidly rising 
pressure within a steam drum.  The rapidly rising pressure exceeded the capacity of the 
boiler's safety valve and the steam drum ruptured.  The boiler rupture was close enough 
to the gas leak area to ignite the vapor cloud and produce an explosion due to the 
confined nature of the gas leak and an ensuing fireball.  The fire took eight hours to 
extinguish.  The explosions and fire destroyed a portion of the LNG plant and caused 
27 deaths and injury to 72 more.  No one outside the plant was injured nor were the 
LNG storage tanks damaged by the explosions.  A joint report11 by the U.S. Federal 
Energy Regulatory Commission (FERC) and the U.S. Department of Energy (DOE) 
was issued in April 2004.  The findings in the report indicate that there were local 
ignition sources, a lack of “typical” automatic equipment shutdown devices and a lack 
of hazard detection devices.  

 
20.  2009 Tangguh, Indonesia 
 LNG Liquefaction and Export  Facil i ty 
  A leak occurred at the manifold on the LNG storage tank platform when the LNG was 

being pumped from the storage tank.  As a result, LNG hit the carbon steel tank roof 
plates causing cracks and methane gas to leak out in several places.  It was speculated 
by knowledgeable sources that the leak was the result of incorrect torque being applied 
to various flange bolts and incorrect pipe spring hanger settings during the cool-down 
process.  Facilities had only been in operation for a short time and this may have been 
the initial cooling down of the tank pump discharge piping. 

 
21.  September 8,  2011, Rotterdam, Netherlands 

LNG Import  Terminal  
During maintenance works on one of the jetties of Gate terminal a small amount of 
natural gas was released.  This caused a visible white cloud at the jetty.  The 
condensation of air humidity following the contact with the cold gas caused this cloud.  
The cloud itself does not contain any toxic substances and there was no danger for the 
nearest residential neighborhood.  In coordination with the authorities the port stopped 
ship movements for a while in the immediate surroundings of the terminal at the 
Maasvlakte.  The release of gas was stopped and ship movements resumed shortly 
afterwards. 

                                                 
11  “Report of the U.S. Government Team Site Inspection of the Sonatrach Skikda LNG Pant in Skikda, Algeria, 

March 12-16, 2004” 
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1.  1964/1965 
 25,500 M3 Jules Verne 
  While loading LNG in Arzew, Algeria,  l ightning struck the forward vent  r iser  

of  the ship and ignited vapor,  which was being routinely vented through the 
ship venting system.  Loading had been stopped when a thunderstorm broke 
out near the terminal  but  the vapor generated by the loading process was being 
released to the atmosphere.   The shore return piping had not  yet  been in 
operation.  The f lame was quickly extinguished by purging with nitrogen 
through a connection to the riser.  

 
  A similar  event happened early in 1965 while the vessel  was at  sea short ly 

after  leaving Arzew.  The f ire was again extinguished using the nitrogen purge 
connection.   In this  case,  vapor was being vented into the atmosphere during 
ship transit ,  as was the normal practice at  that  t ime. 

 
2 .  May, 1965 
 27,400 M3 Methane Princess 
  The LNG loading arms were disconnected before the l iquid l ines had been 

completely drained,  causing LNG to pass through a leaking closed valve and 
into a stainless steel  drip pan placed underneath the arms.   Seawater was 
applied to the area.   Eventually, a  star-shaped fracture appeared in the deck 
plating in spite of  the application of the seawater.    

 
3.  May, 1965 
 25,500 M3 Jules Verne 
  On the fourth loading of Jules Verne at  Arzew in May 1965 an LNG spil l ,  

caused by overflowing of Cargo Tank No.1,  resulted in the fracture of the 
cover plat ing of the tank and of the adjacent deck plat ing.   The cause of the 
over-fi l l  has never been adequately  explained,  but i t  was associated with the 
fai lure of l iquid level instrumentation and unfamiliari ty with equipment on the 
part  of the cargo handling watch officer.    

 
4.  April  11,  1966  
 27,400 M3 Methane Progress 
  Cargo leakage reported.   No details .    
 
5.  September,  1968  
 5 ,000 M3 Aristotle  
  Ran aground off  the coast  of  Mexico.   Bottom damaged.   Believed to be in 

LPG service and not carrying LNG when this occurred. No LNG released.  
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6.  November 17,  1969  
 71,500 M3 Polar Alaska 
  Sloshing of the LNG heel in No. 1 tank caused part  of  the supports  for the 

cargo pump electric cable tray to break loose,  resulting in several  perforations 
of the primary barrier.   LNG leaked into the interbarrier  space.   No LNG released.  

 
7.  September 2,  1970  
 71,500 M3 Arctic Tokyo 
  Sloshing of the LNG heel in No. 1 tank during bad weather caused local  

deformation of the primary barrier  and supporting insulation boxes.   LNG 
leaked into the interbarrier space at  one location.    No LNG released.  

 
8.  Late 1971 
 50,000 M3 Descartes 
  A minor fault  in the connection between the primary barrier  and the tank dome 

allowed gas into the interbarrier  space.  No LNG released.  
 
9.  June, 1974  
 27,400 M3 Methane Princess 
  On June 12,  1974 the Methane Princess  was rammed by the freighter Tower 

Princess  while moored at  Canvey Island LNG Terminal  and created a 3-foot 
gash in the outer hull .     No LNG released.  

 
10.  July,  1974  
 5 ,000 M3 Barge Massachusetts  
  LNG was being loaded on the barge on July 16,  1974.   After  a power fai lure 

and the automatic closure of the main l iquid l ine valves,  a  small  amount of  
LNG leaked from a 1-inch nitrogen-purge globe valve on the vessel’s l iquid 
header.   The subsequent investigation by the U.S.  Coast  Guard found that  a 
pressure surge caused by the valve closure induced the leakage of LNG 
through the bonnet  and gland of the 1-inch valve.   The valve had not  leaked 
during the previous seven or more hours of loading.   Several fractures 
occurred in the deck plates where contacted by the LNG spil l .   They extended 
over an area that  measured about one by two meters.   The amount of LNG 
involved in the leakage was reported to be about 40 gallons.   As a result  of  
this  incident,  The U.S.  Coast  Guard banned the Barge Massachusetts  from 
LNG service within the U.S.  I t  is  believed that  the Barge Massachusetts  is  
now working overseas in l iquid ethylene service.  

 
11.  August,  1974  
 4 ,000 M3 Euclides 
  Minor damage was reported due to contact  with another vessel .   No LNG released.  
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12.  November, 1974  
 4 ,000 M3 Euclides 
  Ran aground at  La Havre,  France.   Damaged bottom and propeller.    

  No LNG released.  
 
13.  1974  
 27,400 M3 Methane Progress 
  The ship ran aground at  Arzew, Algeria.   Damaged rudder.    No LNG released.  
 
14.  September,  1977  
 125,000 M3 LNG Aquarius 
  During the f i l l ing of Cargo Tank No. 1 at  Bontang on September 16,  1977,  

LNG overflowed through the vent  mast  serving that  tank.   The incident  may 
have been caused by diff iculties in the l iquid level  gauge system.  The high-
level alarm had been placed in the override mode to el iminate nuisance alarms.   
Surprisingly,  the mild steel  plate of which the cargo tank cover was made did 
not fracture as a result  of this spil l .  

 
15.  August 14, 1978  
 124,890 M3 Khannur 
  Coll ision with a cargo ship,  Hong Hwa, in the Strait  of Singapore was 

reported.  Minor damage was indicated.     
  No LNG released.  

 
16.  April ,  1979  
 125,000 M3 Mostefa Ben Boulaid 
  While discharging cargo at  Cove Point,  Maryland on April  8,  1979, a check 

valve in the piping system of the vessel  fai led releasing a small  quanti ty of 
LNG.  This resulted in minor fractures of the deck plating.   This spil l  was 
caused by the escape of LNG from a swing-check valve in the l iquid l ine.   In  
this  valve,  the hinge pin is  retained by a head bolt ,  which penetrates the wall  
of  the valve body.  In the course of operating the ship and cargo pumping 
system, i t  appears that  the vibration caused the bolt  to back out,  releasing a 
shower of LNG onto the deck.   The vessel  was taken out of service after  the 
incident and the structural  work renewed.  All  of  the check valves in the ship’s 
l iquid system were modified to prevent a recurrence of the fai lure.   A l ight 
stainless steel  keeper was fashioned and instal led at  each bolt  head.   Shortly 
after  the ship returned to service,  LNG was noticed leaking from around one 
bolt  head,  the keeper for which had been str ipped,  again probably because of 
vibration.   More substantial  keepers were instal led and the valves have been 
free from trouble since that  t ime. 
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17.  April ,  1979  
 87,600 M3 Pollenger 
  While the Pollenger was discharging LNG at  the Distr igas terminal  at  Everett ,  

Massachusetts  on April  25,  1979,  LNG leaking from a valve gland apparently 
fractured the tank cover plat ing at  Cargo Tank No. 1.   The quantity of LNG 
that  spilled was probably only a few l i ters ,  but  the fractures in the cover 
plating covered an area of about two square meters.  

 
18.  June 29, 1979  
 125,000 M3  El  Paso Paul Kayser 
  The Carrier  ran aground at  14 knots while maneuvering to avoid another vessel  

in the Strai t  of  Gibraltar .   Bottom damaged extensively.   Vessel  refloated and 
cargo transferred to sister  ship,  the El Paso Sonatrach .  No LNG released.  

 
19.  December 12,  1980  
 125,000 M3 LNG Taurus 
  Ran aground in heavy weather at  Mutsure Anchorage off  Tobata,  Japan.   

Bottom damaged extensively.   Vessel  refloated,  proceeded under i ts  own power 
to the Kita Kyushu LNG Terminal,  and cargo discharged.   No LNG released.  

 
20.  Early 1980s  
 125,000 M3 El Paso Consolidated 
  Minor release of LNG from a f lange.   Deck plating fractured due to low 

temperature embrit t lement.    
 
21.  Early 1980s  
 129,500 M3 Larbi Ben M’Hidi 
 Vapor released during transfer arm disconnection.    No LNG released.  
 
22.  December, 1983  
 87,600 M3 Norman Lady 
  During cooldown of the cargo transfer arms,  prior to unloading at  Sodegaura,  

Japan,  the ship suddenly moved astern under i ts  own power.   All  cargo transfer 
arms sheared and LNG spil led.   No ignit ion.   

 
23.  1985  
 35,500 M3 Isabella 
  LNG released as a result  of  overfi l l ing a tank.   Deck fractured due to low 

temperature embrit t lement.  
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24.  1985  
 35,500 M3 Annabella 
  Reported as “pressurized cargo tank.”  Presumably,  some LNG released from 

the tank or piping.   No other detai ls  are available.    
 
25.  1985  
 126,000 M3 Ramdane Abane 
  Coll ision while loaded.   Port  bow affected.    No LNG released.   
 
26.  February, 1989  
 40,000 M3 Tellier 
  Wind blew ship from its  berth at  Skikda,  Algeria.   Cargo transfer  arms 

sheared.   Piping on ship heavily damaged.  Cargo transfer had been stopped.   
According to some verbal  accounts of this incident,  LNG was released from 
the cargo transfer arms.  

 
27.  Early 1990 
 125,000 M3  Bachir Chihani 
  A fracture occurred at  a part  of the ship structure,  which is prone to the high 

stresses that  may accompany the complex deflections that  the hull  encounters 
on the high seas.   Fracture of the inner hull  plat ing led to the ingress of 
seawater into the space behind the cargo hold insulat ion while the vessel  was 
in ballast .   

   No LNG released.  
 
28.  May 21, 1997  
 125,000 M3 Northwest  Swift  
  Coll ided with a f ishing vessel  about 400 km from Japan.   Some damage to hull ,  

but  no ingress of water.   No LNG released.  
 
29.  October 31, 1997  
 126,300 M3 LNG Capricorn 
  Struck a mooring dolphin at  a  pier  near the Senboku LNG Terminal in Japan.   

Some damage to hull ,  but  no ingress of water.   No LNG released.  
 
30.  September 6,  1999  
 71,500 M3 Methane Polar 
  Engine fai lure during approach to Atlantic LNG jet ty (Trinidad and Tobago).   

Struck and damaged Petrotr in pier.   No injuries.   No LNG released.  
31.  December 2002  
 87,000 M3 Norman Lady 
  A U.S.  nuclear submarine,  the U.S.S.  Oklahoma City,  raised i ts  periscope into 

the ship necessitat ing her withdrawal briefly  from service for repairs due to 
penetration of outer hull  allowing leakage of seawater.  No LNG released 
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32.  December 15,  2009  
 126,500 M3 Matthew 
  The 920-foot Norwegian LNG tanker Matthew was grounded,  half  a  mile 

southeast  of  Cayo Caribe near Guayanil la,  Puerto Rico.   The crew shifted some 
of the cargo and the vessel  was refloated after  about three hours with the help 
of two tugboats.   The Matthew proceeded to the EcoElectrica Punta Guayanil la 
LNG terminal  to discharge and receive surveys.   Authorit ies say investigators 
found no signs of  a spil l  or  other environmental damage from the grounding.   

   No LNG released 
33.  2010  
 145,000 M3 Bluesky 
  The TMT-controlled carrier  was damaged at  GDF Suez’s Montoir  de Bretagne 

terminal  in France when a valve was by-passed and l iquid passed into the gas 
take-off  l ine during discharge operations.   The damage sustained extended to 
part  of  the ship’s manifold and i ts  feed l ines without damage to the shore-side 
systems. No LNG release was reported 

 
34.  March 1,  2010  
 126,500 M3 LNG Edo 
  During loading operations at  the Bonny LNG terminal  in Nigeria,  LNG Edo 

took a significant l ist .   Cargo loading operations were suspended.   The cause 
of the l is t  was found to be abnormal ballast  water  distr ibution in the ship’s 
tanks.   The distribution in  the ballast  tanks was returned to normal and loading 
was completed in a normal manner on March 4th.   There were no injuries to 
personnel nor was there any pollution or damage to ei ther the vessel  or  the 
jet ty.   The vessel  subsequently  discharged cargo at  Sines,  Portugal,  on March 
13th and 14th without incident.  

   No LNG released 
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Yuyo Maru No. 10 

The following information pertains to a liquid petroleum gas tanker (LPG) which has a similar 
construction to an LNG tanker.  The information was obtained from a Japanese marine registry 
record.  The annotations [text] were added by the authors for clarity.  This incident is included in 
this document to help illustrate the integrity of LNG tanks onboard LNG ships.  There is much 
discussion today around the impact of a terrorist attack perpetrated on an LNG tanker.  
 
The Motorship “Yuyo Maru No. 10” (gross tonnage of 43,723), laden with 20,831 MT of light 
naphtha, 20,202 MT of propane and 6,443 MT of butane, left Ras Tanura, in the Kingdom of Saudi 
Arabia, for Kawasaki, and the port of Keihin on October 22, 1974.  While the vessel was sailing 
northward along the Naka-no Se Traffic Route in Tokyo Bay on November 9, she collided with the 
Motorship “Pacific Ares” (gross tonnage of 10,874), manned with a Taiwanese Master and 28 crew 
members, laden with 14,835 MT of steel products, en route from Kisarazu for Los Angeles, USA.  
The collision occurred about 13:37 hours on the same day slightly northward of the boundary line 
of the Naka-no Se Traffic Route. 
 
As a result of the collision, the “Yuyo Maru No. 10” suffered a large hole at the point of collision, 
with her cargo naphtha [The naphtha was carried in its outer ballast tank (between the insulated 
LPG tanks and the hull of the ship).  This is effectively what makes up the “double hull” with LNG 
ships.  The LPG cargo tank was not penetrated.  LNG tankers never carry any thing other than air 
or ballast (water) in these tanks.] instantly igniting into flames.  As a result of the outflow of 
naphtha overboard, the sea surface on her starboard side literally turned into a sea of fire.  The 
“Pacific Ares” showered with fire burst into flames in the forecastle and on the bridge.  While 
explosions occurred one after another [naphtha, not propane], attempts were made to tow the 
“Yuyo Maru No 10”, outside the bay, but she ran aground in the vicinity of Daini Kaiho.  She was 
successfully towed out of Tokyo Bay and sunk south of Nojima Saki on the afternoon of November 
27 [Thirty-six days after the original collision.] by cannon, air bomb and torpedo attacks staged by 
the Maritime Self-Defense Force.  [Please note “cannon, air bomb and torpedo attacks” were 
required to sink the ship.  Other reports indicate that these attacks lasted one and a half days.  The 
author has seen a black and white film of these attacks.  It appeared that the LPG tanks were for 
the most part fully in tact prior to the attacks.  The ship’s LPG vent stacks were melted down to just 
above the decks and on fire indicating that LPG remained within the storage tanks.] 
 
On board the “Yuyo Maru No. 10”, five crew members were killed and seven others injured by this 
accident.  The “Pacific Ares”, whose forward section was completely crushed and superstructures 
burned down, was later repaired.  Her crew members were all killed except one person, who was 
injured but rescued. 
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1.  June 1971 Waterbury, VT Capitol 
 Blowout,  hi t  rocks by road,  tore hole in tank,  20% spilled,  no f ire,  remainder 

dumped.    
 

2.  August 1971 Warner,  NH Gas,  Inc.  
 Driver fat igue,  drove off road,  rol lover cracked fi t t ings,  small  gas leak,  no fire.  
 

3.  October 1971 N. Whitehall ,  WI Indianhead 
 Head-on coll ision with truck.   Gasoline and t ire fire,  no cargo lost .  
 

4.  October 1973 Raynham, MA Andrews & Pierce 
 Truck side swiped parked car;  brakes locked and trai ler  overturned.   No cargo on-

board,  no fire 
 

5.  1973 Rt.  80 & 95 JCT, NJ Chemical Leaman 
 Driver couldn’t  negotiate turn off .   Rollover demolished tractor and severe 

damage to trai ler .   No fire.   $40,000 damage to trai ler .  
 

6.  February 1974 New Jersey Turnpike Gas,  Inc.  
 Faulty brakes caused wheel f ire.   Check valve cracked 5% leaked out.   No fire.  
 

7.  February 1974 McKee City,  NJ Gas, Inc.   
 Loose valve leaked LNG during transfer operation.  
 

8.  January 1976 Chattanooga, TN LP Transport 
 Rollover,  no f ire,  caused by oil  spi ll  on exit  ramp.  Truck righted and continued 

delivery of cargo. 
 

9.  November 1975 Dalton, GA LP Transport 
 Rollover,  no f ire.   Driver swerved to avoid pedestr ian,  hit  guardrail  and rolled 

over and down an 80 foot bank.  $18,000 damage to trailer .  
 

10.  September 1976 Pawtucket,  RI Andrews & Pierce 
 Car hit  t railer  at  landing wheels,  rollover,  no LNG loss or f ire.  
 

11.  April 1977 Connecticut Turnpike Chemical Leaman 
 Truck parked (with blowout)  hit  by a tow truck in rear.   No leak or f ire.  
 

12.  July 1977 Waterbury, CT LP Transport  
 “Single Wall” Lubbock hit  in rear by tractor-trai ler,  axle knocked off.   Rollover.   

No loss of cargo.  
 

13.  December 1977 I5 & I10,  Los Angeles Western Gillet/SDG 
 Rollover with l i t t le  product  loss,  no vacuum loss,  no f ire.   Driver had 3 broken 

ribs.  
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14.  February 1981 Barnagat,  NJ LP Transport 
 Driver fai led to negotiate turn due to excessive speed on country road.   Driver not  

hurt  seriously.   Loss of some product through rel ief  valve resulted in serious 
damage to transport.  

 

15.  September 1981 Lexington, MA Andrews & Pierce  
 Rollover,  no f ire,  no product  loss (empty),  driver not  seriously hurt .   Extensive 

damage to transport.   Cause: rain and poor road condit ions.  
 

16.  October,  1993 Everett ,  MA TransGas 
 Trai ler  s lide off f if th wheel  just  before entering highway.  No fire,  no product 

loss 
 

17.  May 1994 Revere,  MA TransGas 
 Trai ler  over turned when trying to negotiate a traffic circle at  too high of speed.   

No product loss,  no f ire.   Trailer emptied into second trai ler without incident.   
 

18.  October 1998 Woburn, Ma TransGas 
 Trailer  traveling at  high speed is  sideswiped by car then careens into guardrail  

r ipping open diesel  fuel  tanks.   Ensuing diesel  fuel  f ire traps driver in cab where 
he perishes.   Fire engulfs  LNG trai ler  until  extinguished.   No loss of  product 
experienced.   LNG part ial ly transferred to second trai ler .   Trailer  then uprighted 
and sent to transport  yard to complete the transfer  of product.  

 

19.  June 22,  2002 Tivissa,  Catalonia,  Spain Not Available 
An LNG road tanker overturned and caught f ire on the C-44 road and subsequently 
(about 20 minutes later)  suffered a significant  LNG fire,  the f irst  such LNG-
related trucking incident  reported.   However,  the design of the trailer  involved 
was very different  from that  used in the U.S.   I t  was simply a pressure vessel  
insulated externally with unprotected polyurethane insulation,  whereas cryogenic 
trai lers in the U.S.  are double-walled,  vacuum-jacketed pressure vessels.   When 
the trai ler  overturned the insulat ion was readily scraped off  the pressure vessel  
and directly exposed to the f ire.   I t  is  unclear what actually  caused the leakage of 
LNG, but  U.S trailers in addit ion to having the outer  tank protection also have 
recessed protected piping further reducing the potential  for leakage due to 
overturning.   Due to severe nature of the accident,  the driver died and a woman 
who was reportedly about 200m away from the truck suffered second degree 
burns.   

 

20.  September 2003 Woburn, Ma TransGas 
Trailer  traveling too fast  on a highway exit  ramp overturned.  There was no 
leakage of cargo from the overturned truck.  The truck driver was sl ightly injured 
and received a speeding citat ion.    

 See Note at end of next  page. 
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21.  September 14,  2005 Near Reno, NV Logistics Express 
The driver of an LNG tractor trailer  stopped at  a truck stop on I-80 near Reno and 
noticed that  LNG was leaking from the f ireblock valve.   He notified the local  
emergency responders.   Shortly  after  their  arr ival  the LNG vapor ignited.   The on-
scene emergency responders decided to f irst  close the Interstate and evacuate 
people from local  businesses and residences and then expand the evacuation area 
for about three hours.   When the f ire subsided,  the evacuation was cancelled.   The 
trai ler  performed as designed and there was no loss of  vacuum on the trai ler 
double wall  system.  The trai ler  was removed from service for minor damage 
repair  and returned to service within a week.   Unfortunately,  the emergency 
responders did not  understand LNG or the design of LNG trailers  or  they would 
not have executed such a large evacuation.    
 

22.  October 11,  2007 Province of Cadiz,  Spain Not Reported 
An LNG truck carrying a load of 19,200 Kg of LNG slid down a bank of about 3 
meters at  a cross road in the province of Cadiz in Spain.   There was no LNG 
released or spil led.   Although the accident caused small  f ires from the burning 
truck fuel ,  none were LNG related.   The truck driver who was trapped under the 
damaged vehicle died.   The cause of the accident was not  reported. 
 

23.  August 23,  2011 Istanbul,  Turkey Not Reported 
 

A tanker truck loaded with l iquefied natural  gas (LNG) got stuck under a three-
and-a-half-meter-high overpass in İstanbul.   The incident  took place in Ataköy, 
Bak ırköy distr ict .   The driver at tempted to push through, but had to call  police for 
help once he realized that  i t  would not  be possible for  him to pass underneath.  
Police and fire brigade teams were able to dislodge the vehicle.   There was no 
LNG spill .  

 

Note:  Incidents 16,  17,  18 and 20 were reported on television and/or 
presented in the local  Boston print  media.   In every case the media 
at tempted to create a disaster  scenario using meaningless phases such 
as “blast  zone”  and “police cruisers turned off  l ights to prevent 
explosions.”   In one case a total ly  misinformed fire chief  stated that  
the si tuation was “potentially a giant bomb. .  .  .  An explosion would 
devastate a half-mile in all  directions.”  One of the worst  “facts” 
reported was that  “water was hosed onto the tanker to keep the LNG 
cool”!   Unfortunately,  the emergency responders near Reno, NV (as 
detailed above in incident  number 21) had the same misconceptions 
about the explosive nature of LNG. 
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