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With the abundance of natural gas (NG) in the U.S. in recent years, companies
that had built marine terminals for the import of LNG and subsequent re-
gasification for pipeline transportation are now considering converting those
facilities for liquefaction of pipeline gas in order to export LNG. This has brought
challenges in the HSE area as well as in the regulatory arena regarding plot plan
development and the handling of high-pressure liquid hydrocarbons. Besides the
need to address the increased hazards of NG liquefaction versus LNG re-
gasification, government agencies are faced with application of regulations and
codes to the liquefaction that were intended mainly to address the re-gasification.
As the regulation tries to apply the consequence-based codes to new materials
used in the liquefaction process, such as refrigerants that may include propane,
ethane, ethylene and butane, and other heavier hydrocarbons that may be
present in the NG, the need for tools and techniques to evaluate safe alternatives
becomes evident. This paper describes the methodology used in an LNG
liquefaction project to address these needs, which among other aspects include
a combination of traditional vapor dispersion and thermal radiation modelling
tools with computational fluid dynamics (CFD) models.
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Introduction

With the abundance of natural gas (NG) in the U.S. in recent years, companies
that had built marine terminals for the import of Liquefied Natural Gas (LNG) and
subsequent re-gasification for pipeline transportation are now considering
converting those facilities for liquefaction of pipeline gas in order to export LNG
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(Figure 1). This has brought challenges in the Health, Safety & Environment (HSE)
area as well as in the regulatory arena regarding plot plan development and the
handling of high pressure liquefied hydrocarbons. Besides the need to address
the increased hazards of NG liquefaction versus LNG re-gasification, government
agencies are faced with application of regulations and codes to the liquefaction of
NG that were intended mainly to address LNG re-gasification terminals earlier. As
the regulations try to apply the consequence-based codes to the variety of
materials used in the liquefaction process, such as refrigerants that may include
propane, ethane, ethylene, butanes, and other heavier hydrocarbons that may also
be present in the NG, the need for tools and techniques to evaluate safe
alternatives becomes evident. In addition, the environmental perspective also
changes from regasification to the liquefaction of NG. This paper will describe the
methodology used in an NG liquefaction project to address these needs, which
among other aspects include a combination of traditional vapor dispersion, vapor
cloud explosion, and thermal radiation modelling tools, with computational fluid
dynamics (CFD) modelling.

The environmental factors, as well as the use of barriers to screen equipment noise
and to limit the extent of vapor clouds will also be discussed.

Many US LNG Import Facilities are Being Converted to LNG Export

Domestic supplies of natural gas are growing rapidly due to availability of extensive
shale gas resources. As a result, US natural gas prices have dropped to a fraction
of their peak several years ago and US LNG imports have decreased dramatically.

At the same time, LNG prices in Japan, in other parts of the Asia Pacific region,
and in Europe have remained high. Contributing factors are the Japanese decision
to shut down nuclear power generation after the Fukushima tragedy, and the
growing global demand for natural gas. Yet another factor is the environmental
advantages of natural gas as a fuel when compared with coal.

North American LNG Import/Export Terminals
Proposed/Potential

Import Terminal

PROPOSED TO FERC

1. Robbinston, ME: 0.5 Bofd (Kestrel Energy - Downeast LNG)
2. Astoria, DR: 1.5 Bdd (Oregon LNG)

3. Corpus Christi, TX: 0.4 Bdd (Cheniere — Corpus Christi LNG)

", Export Terminal

PROPOSED TO FERC

4, Freeport, TX: 1.8 Bcfd (Freeport LNG Dev/Freeport LNG
Expansion/FLNG Liquefacton)

Corpus Christi, TX: 2.1 Bcfd (Cheniere — Corpus Chiristi LNG)
Coos Bay, OR: 0.9 Bofd (Jordan Cove Energy Project)

. Lake Charles, LA: 2.4 Bdfd (Southern Union - Trunkdine LNG)
. Hackberry, LA: 1.7 Bdd (Sempra — Cameron LNG)

. Cove Paint, MD: 0.75 Bcfd (Dominion — Cove Paint LNG)

10. Astoria, OR: 1.30 Bcfd (Oregon LNG)

11. Lavaca Bay, TX: 1.38 Bofd {Excelerate Liquefadtion))

W N

SPONSORS
12. Kitimat, BC: 0.7 Bcfd (Apache Canada Ltd.)

AT Fimarrrdl=mre Telamd D 11 90 Obd FOE I BV F ot o pe—seir s



HSE Evolution in Conversion of LNG Import Terminals to Export

Chosnek and Edwards (1) discussed the hazards of conversion of LNG Import
Facilities to LNG Export. These hazards include the following:

Natural gas liquefaction facilities required for LNG export are more complex
and congested due to higher number of processing equipment involving
different processing steps with multiple products, and require more space
than corresponding LNG regasification facilities.

Plot space at existing LNG import sites for new LNG export facilities may
be limited.

The risks of fire and explosion may be increased by the presence of more
reactive chemicals (e.g., propane, ethylene) and higher congestion typical
of liquefaction and other gas processing facilities.

These risks are also increased by the use of more reactive heavy
hydrocarbon streams as by-products from natural gas purification.

Liquefaction often requires large inventories of refrigerants such as ethane,
ethylene, propane, propylene, and butanes or their mixtures, at
comparatively high pressures.

Hydrogen sulfide streams may result from purification of natural gas prior to
liquefaction, although the primary impact is on potential emissions of sulfur
oxides resulting from oxidation of the hydrogen sulfide by-product.

Current US LNG Regulations are Consequence-based

Chosnek and Edwards (1) highlighted that current US LNG regulations are
consequence-based instead of a preferred risk-based approach (2). Summarized
below are the current criteria (3-6):

Exclusion Zones (at property line) from a release caused by a “design spill”

- ¥2 Lower Flammable Limit for flammable vapor dispersion

- 1,600 BTU/hr-ft? Thermal Radiation Limit for pool fires

- 1 psi Overpressure Limit for Vapor Cloud Explosions (although not in the
regulations and never an issue for LNG import facilities, this is now an

important criterion for liquefaction facilities in the US)

These existing US regulations were adequate for LNG import, although the
constraint that only passive mitigations (impoundments, vapor fences) could be
used to reduce the hazard footprint was a disadvantage.

Consequence modeling of existing US import terminals was done in most cases
using the following two software products:
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- LNGFIRES3 for Thermal Radiation
- DEGADIS for Flammable Vapor Dispersion

These tools model the design spill as an LNG pool on an otherwise empty
horizontal plane, which is a reasonable approximation when the major hazard is
an LNG spill that can be controlled by impoundment.

Advanced Consequence Modeling is needed to Safely Design LNG Export
Facilities

As mentioned above, natural gas liquefaction facilities introduce new hazards,
such as overpressures from vapor cloud explosions, because of C2+
hydrocarbons and increased congestion.

Comparatively recently (October 2011), FERC approved two additional software
packages for LNG vapor dispersion hazard analyses: PHAST™ from DNV, an
analytical tool described by Witlox, et al. (7), and FLACS from GexCon, a CFD tool
described by Hansen, et al. (8).

The two models now available for LNG hazard analysis offer a number of
advantages over the previously allowed DEGADIS:

- Model verification and extensive validation with field data

- Wide variety of source terms

- Mixtures of gases can be considered

- Both vapor dispersion and vapor cloud explosion can be modeled

-Tabular and graphic outputs can be generated (2D in the case of PHAST,
2D or 3D in the case of FLACS)

The main differences between the two models are as follows:

- PHAST is based on analytical data and correlations (Unified Dispersion Model),
which allows for rapid calculations; FLACS is a 3D CFD model that solves the
Navier-Stokes and turbulence closure equations in each of several hundred
thousand computational grid cells, therefore requires longer times to complete a
calculation;

- The correlations implemented in PHAST do not account for the presence of
obstacles or terrain features, therefore its results are less accurate and it does not
allow all mitigation measures to be evaluated; FLACS can include any obstacle or
obstruction (as long as they are built into the geometry model used for the
simulations) and therefore provides more realistic results.

4 of 8



HSE Evolution in Conversion of LNG Import Terminals to Export

While both tools have pros and cons, an efficient and effective approach can be
achieved by combining the use of PHAST and FLACS in order to take advantage
of each model's strengths. This approach can make thorough and detailed
consequence modeling possible within the typical time frame of LNG facility design
development, leading to a safer and regulatory-compliant plot plan:

Use PHAST to rapidly screen a large number of scenarios, involving
releases of hazardous fluids from different process streams and locations
(approximately 100 scenarios can be examined for a single LNG project).

Rearrange equipment on the plot plan to minimize adverse consequences
of releases of hazardous fluids.

Validate the safer plot plan using FLACS.

Establish and evaluate passive protections, such as vapor fences, using
FLACS.

Quantify location specific overpressures from vapor cloud explosions using
FLACS.

Atmospheric Emissions will Increase and Amended Permits may Face
Stricter Regulations

Natural gas liquefaction requires energy, so greenhouse gas (CO2 and CHa)
emissions may increase if power is generated onsite.

Emissions of ozone precursors (NOx and VOCs) may increase.

Greater fugitive emissions may result due to increased process size and
complexity.

To a smaller extent in the US pipeline gas, emissions of SOx may increase.

Amendment of existing permits may require meeting new and more
demanding regulations.

Best Available Control Technology (BACT) emission controls may be
required.

Modest Increases in Aqueous Discharges

LNG import terminals have few aqueous streams to treat
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» Storm water with potential lube oil contamination
+ Demineralization by-product water
» Fire water system test water
* Hydro-test water
« Sanitary waste
* LNG export terminals have a few more:
» All of the above aqueous streams

» Higher potential for lube oil contamination of storm water (larger plot
plan and significantly more rotating equipment)

« Storm water with potential amine contamination
* Amended permit may need to achieve newer and stricter regulations

It should be possible to minimize storm water contamination through segregation,
containment and rigorous maintenance and housekeeping practices.

Noise Sources and Mitigation

New export facilities add new piping and equipment to the existing site that are
new noise sources. Examples include air-cooled heat exchangers, compressors,
and turbines. FERC has very strict limitations on noise from LNG facilities.

In addition to buildings, enclosures, silencers, and sound insulation, a noise barrier
wall may be required. Computer modeling of noise from equipment and piping will
be required during both FEED and Detailed Design. Noise modeling during FEED
can give guidance on plot plan modification to minimize noise exposure to any
nearby noise sensitive areas.

Design should also incorporate features to permit easy provision of additional
noise controls if as-built facilities are noisier than predicted during design phase.
Examples include building foundations for noise barrier walls strong enough for an
increased wall height and providing spool pieces in compressor piping to allow
easy provision of silencers if needed.

Conclusions

LNG import and export facilities are among the safest and most environmentally
friendly fossil fuel processes. Conversion of a number of US LNG import facilities
to either export or bi-directional facilities is being proposed. Fitting major new
natural gas liquefaction facilities into an existing site can be challenging.
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Challenges include the following:

» Limited plot space

» Increased fire and explosion hazards

* Increased emissions and stricter regulations
* Increased noise levels

This paper discusses how these challenges can be overcome.
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