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Abstract:

It is estimated that 25% of the remaining oil and gas reserves worldwide are held in
Arctic regions. The combined effects of a global resource depletion, climate change and
technological progress, mean that this natural resource area is now increasingly inter-
esting and commercially attractive. However, numerous challenges are present when it
comes to hydrocarbon production in cold climate, not only related to suitable technol-
ogy, but also to social and environmental issues. Any hydrocarbon development in the
Arctic represents, thus, a balance between opportunity and risk.

This thesis analyzes a broad range of aspects influencing offshore hydrocarbon field
development scenarios in cold climate, emphasizing on terminals as a major build-
ing block necessary in the development of a petroleum field.

Feasible, safe and cost effective terminal concepts for cold climate areas, face chal-
lenges that need specific assessment of technical solutions and operational aspects.
Many of these challenges can be managed, though at additional cost, through the appli-
cation of customised solutions.

After having presented and gained the necessary knowledge and insight in the main
issues influencing a cold climate terminal, an assessment of different development
schemes is carried out, using for this purpose three case studies located in the Barents
Sea: Johan Castberg, Snehvit and Goliat fields.

In this context, a quantitative assessment of breakwater stability in cold climate envi-
ronments has been an important part of the discussions.

Finally, given the complex and often unique risk challenges present in cold climate
regions, risk assessment arise as an important part of the decision making process, and
thus, has been used to understand the sensitivity of different development schemes.
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The Master thesis, therefore, provides an insight in the following aspects:

- Aspects influencing offshore hydrocarbon field development scenarios in cold
climate.

- Technical issues influencing a cold climate terminal, with a thorough quantita-
tive discussion of breakwater stability and design in cold climate.

- Operational issues influencing a cold climate terminal.

- Assessment of the sensitivity of different schemes through case studies analy-
sis.

- Risk assessment for identification and evaluation of the main risks involved,
applied to the case studies.

Keywords:
1. Cold climate

2. Oil and gas

3. Terminal

4. Breakwater

5. Risk assessment
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BACKGROUND

It is estimated that about 25% of the remaining oil and gas reserves worldwide are held
in Arctic regions. The combined effects of a global resource depletion, climate change
and technological progress, mean that this natural resource area is now increasingly in-
teresting and commercially attractive. However, any oil and gas development in the Arc-
tic represents a balance between opportunity and risk. The Arctic offers numerous chal-
lenges when it comes to oil and gas production because of the remoteness, darkness,
cold climate, impairments from ice offshore and permafrost on land. Challenges are not
only related to suitable technology, but also to social and environmental issues.

TASK DESCRIPTION

This thesis will analyze Offshore Field Developments in Cold Climate, with focus on
terminals, as a major building block in the development of a petroleum field.

Onshore terminals as part of the oil and gas production process are dedicated harbor fa-
cilities with different functions associated such as: export, import, transshipment, storage
or processing. The need for processing is essential to obtain the products that can be sold
and transported. Other facilities, for instance concrete platforms, production ships or
offshore storage tanks, can provide terminal functions. The parameters for an onshore
terminal choice will be safety, reliability and costs, taking into account aspects such as
accessibility due to climate aspects, maintenance, future extensions, structural design etc.

Specific issues are relevant to establish an onshore terminal project in an Arctic region.
Operational and structural aspects of arctic terminals must be studied in detail and will
be discussed through case scenarios in this context.



. Technical aspects of terminals
- Pipeline design specific issues

- Breakwater design specific issues
- Harbour oscillations
. Operational aspects of terminals
- Terminal arrangement
- Ice management
- Spilled oil
- Tanker operations

Many of these challenges can be managed, though at additional cost, through the
application of existing technologies, through specific design and build specifications, or
with adapted processes and additional infrastructure. A justification of investment and
economical assessment is of great importance to decide over the different options.

Finally, the given complex and often unique risk challenges of the Arctic, arise
the specific need for improved knowledge, risk assessment and risk management in the
Arctic context. Risk analysis and selection of safety levels are an important part of the
decision making process.

The Master thesis, therefore, will provide an insight in the following aspects:

- Aspects influencing offshore hydrocarbon field development scenarios in cold
climate.

- Technical issues influencing a cold climate terminal.

- Operational issues influencing a cold climate terminal.

- Assessment of the sensitivity of different schemes through case study analysis.

- Risk analysis for identification and evaluation of the main risks involved

Initial references:
= O. T. Gudmestad, A. Zolotukhin, and E. Jarlsby. Petroleum Resources with
Emphasis on Offshore Fields. WIT Press, Southampton, 2010.

= O. T Gudmestad, S. Leset, A. I. Alhimenko, K.N.Shkhinek, A. Terum, and A.
Jensen. Engineering Aspects Related to Arctic Offshore Developments.
LAN, St. Petersburg, 2007.



General about content, work and presentation

The text for the master thesis is meant as a framework for the work of the candi-
date. Adjustments might be done as the work progresses. Tentative changes must
be done in cooperation and agreement with the professor in charge at the De-
partment.

The reporting of the work should be academic anchored and well described with
respect to the theoretical and scientific basis so that the work could be imple-
mented in the field of international research.

In the evaluation thoroughness in the work will be emphasized, as will be docu-
mentation of independence in assessments and conclusions. Furthermore the
presentation (report) should be well organized and edited; providing clear, pre-
cise and orderly descriptions without being unnecessary voluminous.

The report shall include:

® Standard report front page (from DAIM, http://daim.idi.ntnu.no/)

* Title page with abstract and keywords.(template on: http:/www.ntnu.no/
bat/skjemabank)

® Preface

* Summary and acknowledgement. The summary shall include the
objectives of the work, explain how the work has been conducted,
present the main results achieved and give the main conclusions of the
work.

* Table of content including list of figures, tables, enclosures and
appendices.

¢ Ifuseful and applicable a list explaining important terms and
abbreviations should be included.

* The main text.

® Clear and complete references to material used, both in text and figures/
tables. This also applies for personal and/or oral communication and
information.

® Text of the Thesis (these pages) signed by professor in charge as
Attachment 1..

¢ The report musts have a complete page numbering.

Advice and guidelines for writing of the report is given in: “Writing Reports” by
@ivind Arntsen. Additional information on report writing is found in “Rad og
retningslinjer for rapportskriving ved prosjekt og masteroppgave ved Institutt for
bygg, anlegg og transport” (In Norwegian). Both are posted on

http://www.ntnu.no/bat/skjemabank
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Submission procedure

Procedures relating to the submission of the thesis are described in DAIM
(http://daim.idi.ntnu.no/).

Printing of the thesis is ordered through DAIM directly to Skipnes Printing de-
livering the printed paper to the department office 2-4 days later. The department
will pay for 3 copies, of which the institute retains two copies. Additional copies
must be paid for by the candidate.

On submission of the thesis the candidate shall submit a CD with the paper in
digital form in pdf and Word version, the underlying material (such as data col-
lection) in digital form. Students must submit the submission form (from DAIM)
where both the Ark-Bibl in SBI and Public Services (Building Safety) of SB 11
has signed the form. The submission form including the appropriate signatures
must be signed by the department office before the form is delivered Faculty
Office.

Documentation collected during the work, with support from the Department,
shall be handed in to the Department together with the report.

According to the current laws and regulations at NTNU, the report is the prop-
erty of NTNU. The report and associated results can only be used following ap-
proval from NTNU (and external cooperation partner if applicable). The De-
partment has the right to make use of the results from the work as if conducted
by a Department employee, as long as other arrangements are not agreed upon
beforehand.

Tentative agreement on external supervision, work outside NTNU, eco-
nomic support etc.

Separate description to be developed, if and when applicable. See
http://www.ntnu.no/bat/skjemabank for agreement forms.

Health, environment and safety (HSE) http://www.ntnu.edu/hse

NTNU emphasizes the safety for the individual employee and student. The indi-
vidual safety shall be in the forefront and no one shall take unnecessary chances
in carrying out the work. In particular, if the student is to participate in field
work, visits, field courses, excursions etc. during the Master Thesis work, he/she
shall make himself/herself familiar with “ Fieldwork HSE Guidelines”. The
document is found on the NTNU HMS-pages at

http://www.ntnu.no/hms/retningslinjer/HMSRO7E.pdf

The students do not have a full insurance coverage as a student at NTNU. If you
as a student want the same insurance coverage as the employees at the univer-
sity, you must take out individual travel and personal injury insurance.
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Start and submission deadlines
The work on the Master Thesis starts on 28" January 2013

The thesis report as described above shall be submitted digitally in DAIM at the
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Preface

It is estimated that 25% of the remaining oil and gas reserves world-
wide are held in Arctic regions. The combined effects of a global resource
depletion, climate change and technological progress, mean that this
natural resource area is now increasingly interesting and commercially
attractive. However, numerous challenges are present when it comes to
hydrocarbon production in cold climate, not only related to suitable
technology, but also to social and environmental issues. Any hydro-
carbon development in the Arctic represents, thus, a balance between
opportunity and risk.

The present thesis focuses on aspects related to offshore hydrocarbon
field development in cold climate. Emphasis is made on terminals as a
major building block necessary in the development of a petroleum field.
Feasible, safe and cost effective terminal concepts for cold climate areas,
face challenges that need specific assesment of technical solutions and
operational aspects. Many of these challenges can be managed, though
at additional cost, through the application of customised solutions. Fi-
nally, given the complex and often unique risk challenges present in
cold climate regions, risk assessment arise as an important part of the
decision making process.

This thesis is my final work within the Erasmus Mundus Master
Course in Coastal and Marine Engineering and Management (CoMEM),
after two years of studies at the Norwegian University of Science and
Technology (NTNU, Norway), Delft University of Technology (TU
Delft, The Netherlands), and the University of Southampton (United
Kingdom).

The thesis work has been carried out at NTNU during the spring of
2013 under the supervision of professor Ove Tobias Gudmestad.

Trondheim, 17th June 2013
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Part 1

Introduction






Background

1.1 Oil and Gas Opportunities and Risks in the Arctic

The Arctic has for over two centuries been known to hold oil and gas reserves.
In 1923, a petroleum storage was established in northern Alaska for the United
States (US) Navy [1]. However, commercial activities started more recently, in
the late 1960s in the US and Canadian Arctic and in the early 1980s in both the
Norwegian and Russian Arctic. According to the United States Geological Survey
(USGS) estimations !, approximately one quarter of the global undiscovered oil and
gas reserves may remain to be found in the Arctic. More specifically, the USGS
estimations are that the Arctic contains: 90 billion oil barrel (bbl), 1,669 trillion
cubic feet of natural gas, and 44 billion barrels of natural gas liquids [2]. Figure 1.1
shows the potential areas of hydrocarbon resources in the Arctic region.

In the next 25 years, the global consumption of natural gas is expected to
increase by 50%, while the oil consumption is expected to increase at a lower
rate, with a predicted increase of about 20% [3]. The combined effects of a global
resource depletion and growing global energy demand, make sustainable oil and gas
production in the Arctic an important contributor for securing energy supply. In
addition, the key factors that sharpen the interest in this natural resource area are
as given below; these factors being interrelated and reinforcing themselves.

— Feasibility: technological progress makes projects technically and economically
viable.

— Commercial attractiveness: high oil prices, for instance reaching 147US$ per
barrel in the summer of 2008, coupled with fears about not being able to
meet future demands from rising powers such as India, China or Brazil, were
making potential Arctic projects attractive to investors [3].

1The USGS estimates do not include non-conventional hydrocarbons, such as heavy oil and
gas hydrates.
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Figure 1.1: Oil and gas potential in the Arctic. Source: USGS

— Accessibility: improving access to the Arctic region due to climate change and
substantial ice melting, consequently a trend towards more ice-free areas of
the Arctic Ocean and longer ice-free periods.

Although at the present moment there is considerable oil and gas activities in the
Arctic (Canada, US, Norway and Russia), and the resources in these areas already
have been under consideration for over 30 years, the challenging environment of the
Arctic has put a threshold on these developments. Some of the numerous challenges
when it comes to oil and gas production, are due to the extreme climate conditions,
for instance: darkness, low temperatures and ice, polar low pressures, remoteness
and impairments from ice offshore and permafrost on land. Challenges are not only
related to lack of qualified technology, but also to social and environmental issues,
due to the resilience of the Arctic’s ecosystems being weak in terms of response to
risk events, and high political and public sensitivity to a disaster.

The Arctic is therefore a complex risk environment and any hydrocarbon
development in this area, represents a balance between opportunity and risk.


http://pubs.usgs.gov/fs/2008/3049/fs2008-3049.pdf

CHAPTER 1: BACKGROUND )

1.2 The Arctic Region

The Arctic region extends across northern North America, northern Europe and
northern Asia, including eight countries (Canada, Denmark (Greenland), Russia,
US, Iceland, Norway, Sweden and Finland), and the oceans and seas in between:
Barents, Beaufort, Chukchi, East Siberian, Greenland, Kara, Laptev, White Sea
and Bays of Hudson and Baffin) [4], [5]. See Figure 1.2.

Labrader

SSM0 -3000 -ZGOD 1000 S0 W0 8 @ 10 MO0 M0 S0 100 150 2000 1000 400 meUE

Figure 1.2: Topography and bathymetry of the Arctic. Source: GRID-ARENDAL

Several definitions of the Arctic as a region exist, and are all extensively used.
The more simplistic definition, delimits the Arctic by the Arctic Circle (66 °33’N)
(see Figure 1.3), which marks the southern limit where the sun is above (polar day)
and below (polar night) the horizon for 24 hours at least once a year. However, the
variations in temperature, distribution of water bodies, ice conditions or differences
in permafrost occurrence can give rise to more complex definitions. For instance,
based on temperature, the Arctic is defined as the area to the north of the 10 °C
July isoterm (see Figure 1.3). This isotherm encloses the Arctic Ocean, Greenland,
Svalbard, most of Iceland and the northern coasts of Russia, Canada and Alaska.
West of Norway, the North Atlantic Current (Gulf Stream) deflects the isotherm


http://www.grida.no/graphicslib/detail/arctic-topography-and-bathymetry-topographic-map_d003
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Figure 1.3: Boundaries of the Arctic for different definitions. Source: GRID-
ARENDAL

northward including therefore only the northernmost parts of Scandinavia [6]. Ice
conditions also vary within the region, and therefore, the following areas and
corresponding characteristics can be distinguished:

— Arctic areas with sea ice

- Freezing water
- Drifting ice
- Icebergs

— Cold temperature areas

- Cold winters
- Sea water freezes on vessels
- Freezing rain


http://www.grida.no/graphicslib/detail/definitions-of-the-arctic_12ba
http://www.grida.no/graphicslib/detail/definitions-of-the-arctic_12ba
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Figure 1.4: Barents Sea ice conditions. Source: Barents 2020, DNV

1.2.1 The Barents Sea

The Barents Sea is not uniform with respect to ice and meteocean conditions. In
the Barents 2020 project [7], the Norwegian part of the Barents Sea is divided in
8 subareas (Figure 1.4). Conditions are somewhat uniform within each subarea.
Subarea II is generally ice free. I, III, IV, VII and VIII usually have ice every
winter. V and VI are in between. The subareas with uniform ice conditions are the
following:

I Spitsbergen
IT Norwegian
III Franz Josef Land
IV Kara
V Novozemelsky
VI Kola
VII Pechora
VIII White Sea


http://www.dnv.com/binaries/barents_2020_report_%20phase_3_tcm4-519577.pdf




Purpose and Extent of the Study

The interest for exploration of cold climate oil and gas resources has undergone a
considerable increase over the last years due to some key factors sharpening the
interest such as an increased demand, technological progress and accessibility. Cold
climate regions, however, represent a complex risk environment for any hydrocarbon
field development. The present thesis analyzes aspects that influence offshore
hydrocarbon field development scenarios in cold climate, emphasizing on terminals
as a major building block necessary in the development of a petroleum field.

Firstly, the need for processing and terminals needs to be identified, and there-
after, the main challenges influencing the development of a safe and cost effective
terminal concept, need to be studied in detail. Some of the technical and operational
issues that will need assessment are related to pipeline design, harbour layout, ice
management, oil spills and tanker operations. Specifically, a thorough discussion of
breakwaters in cold climate environments will be necessary, in which the different
options for breakwater design need to be evaluated, with the inclussion of some
quantitative discussions regarding this issue.

After having presented and gained the necessary knowledge and insight in
the main issues influencing a cold climate terminal, an assessment of different
development schemes will be carried out, using for this purpose three case studies
located in the Barents Sea. Johan Castberg, Snghvit and Goliat fields will be
studied in detail, describing the field development and background of choice first,
and focussing on the terminal concept afterwards for each development. In this
context, a quantitative assessment of the breakwaters stability and design will be
an important part of the discussions.

Finally, in order to understand the sensitivity of the different development
schemes, and given the complex and often unique risk challenges present in cold
climate regions, arises the need for risk assessment as an important part of the
decision making process.
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Summarizing, the Master thesis will provide an insight in the following aspects:

o Aspects influencing offshore hydrocarbon field development scenarios in cold
climate.

e Technical issues influencing a cold climate terminal, with a thorough quanti-
tative discussion of breakwater stability and design in cold climate.

e Operational issues influencing a cold climate terminal.

o Assessment of the sensitivity of different schemes through a case studies
analysis.

o Risk assessment for identification and evaluation of the main risks involved,
applied to the case studies.



Structure of the Report

This thesis is divided into 13 chapters structured within four main parts.

— Part I: INTRODUCTION

This introductory part intends to give a clear formulation of the task, providing
the background for the topic (Chapter 1), the purpose and extent of the study
(Chapter 2), and finally explaining how is the report structured in the present
chapter.

e Chapter 1: Background
e Chapter 2: Purpose and Extent
e Chapter 3: Structure of the report

— Part II: OFFSHORE FIELD DEVELOPMENT IN COLD CLI-
MATE WITH EMPHASIS ON TERMINALS

The second part of the thesis starts discussing the main building blocks for
offshore hydrocarbon field developments (Chapter 4). Emphasis is made
on the terminals, and thus, Chapters 5 and 6 will give an insight into the
needs for processing and terminals, including the main transport schemes.
In addition, this second part of the thesis deals with the specific challenges
regarding offshore field development in cold climate regions (Chapter 7), with
special attention to oil spills in cold climate (Chapter 8). Finally, chapters
9 and 10 focus on specific technical and operational issues regarding cold
climate terminals.

o Chapter 4: Field Development Building Blocks
e Chapter 5: Needs for Processing and Transport Schemes
e Chapter 6: Needs for Oil and Gas Onshore Terminals

11
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o Chapter 7: Arctic Specific Issues

e Chapter 8: Oil Spills in Cold Climate

e Chapter 9: Technical aspects for pipelines and harbours
e Chapter 10: Operational aspects of terminals

— Part III: CASE STUDIES

The third part of the thesis discusses three different development schemes in
the Barents Sea: Johan Castberg, Snghvit and Goliat. Chapter 11 presents
the field developments, discusses the background for the chosen solution, and
goes into the detail of the terminal for each case. Chapter 12 discusses and
applies risk analysis tools to the three case studies in order to identify and
evaluate the main risks involved.

e Chapter 11: Three Fields, Three Solutions
e Chapter 12: Risk Assessment

— Part IV: CONCLUSIONS

The final chapter of the thesis presents and outlook of the work carried out,
and some concluding remarks.

¢ Chapter 13: Concluding Remarks



Part 11

Offshore Field Development in
Cold Climate with Emphasis on
Terminals
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Offshore Field Development
Building Blocks

The development of an offshore hydrocarbon field, is a complex project which
includes many kinds of equipment and installations in order to cover all the required
functions of oil and gas production.

A number of issues need to be addressed, such as:

— gathering the well stream
— where and how to treat produced fluids
— how to transport and store products once processed

For addressing these issues, most developments can be broken down into different
building blocks. The main building blocks used in the development of a petroleum
field, can be classified as follows:

— Wells

. Wellhead platform
. Subsea equipment: templates, manifolds and flowlines

— Offshore production facilities

. Production platform: fixed or floating
. Risers

— Transportation systems

. Pipelines
. Tankers

— Onshore processing

. Terminals
. Refineries

15
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The offshore field development layout will vary depending on the well pattern and
the export product specifications [8], and in most cases, will involve the combination
of several building blocks. Some of the typical field layouts might include:

— wellhead, process and quarters adjacent platforms
— integrated production platform

floating production system
— subsea production system: connecting to a fixed platform, to a floating plat-
form, to a ship unit or directly to an onshore facility.

Several examples of different field layout scenarios can be given from the Norwegian
Continental Shelf. Figure 4.1 shows an example of a field development layout in
the Norwegian Sea. In that case, the Norne field has been developed through a
production and storage ship tied to subsea tempates. The ship has a processing
plant on deck and storage tanks for stabilised oil, and flexible risers carry the
wellstream to the ship, which is able to rotate around a turret moored to the seabed
to head up against the wave direction [9].

NORMNE

Figure 4.1: Norne field development. Source: Statoil

Although the different developments tend to be characterised by the production
facility used, the design of the project usually starts taking into consideration the
processing required to handle the reservoir wellstream [10]. The different processing
requirements for a production facility, need to be studied in detail for an optimum
design. Usually, due to the large costs of offshore processing, only minimum
processing is carried out offshore, for instance removal of water, separation of oil
and gas, and oil stabilization. The final processing is, in most cases, carried out at
an onshore terminal [11].


http://www.statoil.com/en/ouroperations/explorationprod/ncs/alve/pages/default.aspx
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In addition, the transportation system as a building block, can involve offshore
loading of stable oil to tankers, oil transport by pipeline to shore and/or gas export
pipelines.

Offshore topside and subsea facilities will be further discussed in this chapter,
while the need for processing and onshore terminals in addition to transport schemes
will be studied in detail on chapters 5 and 6.

4.1 Topside

Offshore platforms can be classified a grosso modo in two categories: fixed and
floating installations. The selection of the suitable platform type (if any) is mainly
based on the water depth and the number of wells.

4.1.1 Fixed platforms

Fixed platforms (Figure 4.2) can be further classified in:

— Steel jacket platform
— Gravity-based platform

gl

concrete gravity
platform \"‘\f‘__\\;

steel jacket
platform

Figure 4.2: Fixed production platforms. Source: F. Jahn et al., 2008

The steel piled jacket type of platform is a well-established technology, probably
the most common. It is used as a wellhead platform with no storage for limited
water depths up to 150m, and in a broad range of sea conditions [10]. Built from
welded steel pipes, the platform is constructed onshore and then floated out on a
barge to the corresponding offshore location. In addition, offshore installation of
topsides for processing equipment, drilling, living quarters etc., is required.
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Concrete or steel gravity-based platforms are used for similar water depths as the
steel piled jacket type. The main advantage in this case is that the need for piling
in hard seabeds is eliminated since they rely on their own weight. The concrete
type is the most common, and it offers the possibility of temporary oil storage on
their hollow concrete legs [10]. The use of a barge is not necessary for floating the
platform out, furthermore on-shore installation of topsides is possible.

The Oseberg Field in the North Sea (Figure 4.3), provides an example of a
development which includes both types of fixed platforms with different functions.
Three platforms (Oseberg A, B and D) are located in the south part of the field,
connected by bridges, in addition to a fourth platform (Oseberg C) lying 14 km
north of the field centre. Oseberg A is a concrete base platform with process
equipment, oil storage and living quarters, while Oseberg B is a steel jacket which
has drilling, production and injection equipment. Oseberg D is a steel platform
with gas processing and export equipment. Finally, Oseberg C is an integrated
drilling, accommodation and production unit on a steel jacket [9].

Figure 4.3: Concrete based and steel jacket platforms in the Oseberg field in the
North Sea. Source: Statoil

4.1.2 Floating platforms

Floating platforms (Figure 4.4) can be categorised into the following types:

Tension Leg Platform (TLP)

— Semi-submersible units

— Floating Production, Storage and Offloading (FPSO)
— Spar platforms


http://www.statoil.com/en/ouroperations/explorationprod/ncs/oseberg/pages/default.aspx
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tension leg semi-sumbersible monohull spar
platform vessel vessel platform
(TLP) (FPSQ)

Figure 4.4: Floating production platforms. Source: F. Jahn et al., 2008

Floating platforms are common in deep water fields where a fixed platform
scheme is not technically or economically feasible, or in the case of small fields for
which the cost of a fixed system is not justified.

TLP are suitable for deep water, and although this is a well-know technology,
their dynamic behaviour is complex [8]. A TLP rig is tied to the bottom through
jointed legs kept in tension. Oil storage is not possible.

The semi submersible concept is also suitable for deep water and can include
a drilling rig or subsea wells. The new build semi submersible platforms have
been designed for an increased topside weight in order to accommodate production
facilities, and to support heavy steel risers [10]. This concept is moored with
additional mooring lines and anchors.

Ship-shaped units are mainly FPSOs vessels with some variants, for instance
a Floating Production, Storage, Drilling and Offloading (FPSDO) or a Floating
Storage Unit (FSU). This concept includes subsea wells and flexible risers from
the sea bottom to the floating unit. Complex mooring systems and connection to
the wellheads are required to accommodate rotation and movement towards the
direction of the wind and currents (weathervaning).

The first Spar platforms were developed for offshore loading and as oil storage
facilities, for instance in the Brent Field in the North Sea [10]. More recent concepts
incorporate drilling and some production, although the deck area is limited. The
complex dynamic behavior is significant if large currents are present [8].

The Snorre field (Figure 4.5) in the Norwegian North Sea, is an example of
a field in which two of these concepts are employed. Snorre A as an integrated



20 OFFSHORE FIELD DEVELOPMENT IN COLD CLIMATE

production, drilling and quarters unit consisting of a TLP moored to the sea bottom
by steel tethers; and Snorre B, a semi submersible platform located about 7 km
north of the A platform.

Figure 4.5: Semi-submersible platform at Snorre field in the North Sea. Source:
Oil Rig Photos

4.2 Subsea

Subsea production systems are an alternative option for development of an offshore
field.

These production systems operated on the seabed, represent a cost-effective
solution for the development of small size reservoirs, which otherwise alone do not
justify a complete development including a platform. In this case, subsea systems
can be conected directly to a nearby existing production platform which is not close
enough to allow wells to be drilled from the platform directly.

The use of subsea systems for deeper waters, can also lead to lower costs of the
developments. In this case, a possible solution is their use in combination with a
floating production system such as a production ship. Subsea-to-shore is another
solution which conects directly the subsea wells with an onshore processing facility
or terminal.

The main components of a subsea system are the well and the production and
pipeline systems. The basic installation is a single subsea wellhead with subsea tree!
connected to the corresponding production facility by pipelines and umbilicals?.

1Subsea tree: assembly of valves and gauges located at the top of the well.
2Umbilicals may consist of control electric, hydraulic or optical cables, and chemical lines for
injection of fluids into the well.


http://www.oilrig-photos.com/picture/number995.asp
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Figure 4.6: Subsea template with four wells tied to the fixed platform at Gullfaks
C in the Norwegian North Sea. Source: Statoil

Another configuration is a subsea production template (Figure 4.6), where several
wells are drilled at a certain location. The wells are located directly below the
tubular structure, allowing drilling and completion from a single location. The third
component is a manifold, which is a tubular structure similar to a template. The
different subsea trees installed on the seabed are tied back to the central manifold
through flow lines and umbilicals. A single set of pipelines and umbilicals is then
required to connect the manifold with the production facility.

Ormen Lange field, in the Norwegian Sea, is an example of an offshore field
development in which the full wellstream is transferred directly to an onshore facility
(Nyhamna) for processing and exporting of gas, with no need of topside installations
(Figure 4.7).

Figure 4.7: Subsea development at Ormen Lange field. Source: Subsea World
News


http://www.statoil.com/en/NewsAndMedia/News/2011/Pages/21Jan_Visund_PDO.aspx
http://subseaworldnews.com/2012/10/09/norske-shell-to-use-ormen-lange-subsea-template-c-and-manifold/norske-shell-to-use-ormen-lange-subsea-template-c-and-manifold/
http://subseaworldnews.com/2012/10/09/norske-shell-to-use-ormen-lange-subsea-template-c-and-manifold/norske-shell-to-use-ormen-lange-subsea-template-c-and-manifold/
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4.3 Building Blocks for Arctic Developments

Specific considerations need to be taken when treating offshore exploration of oil
and gas fields in the Arctic. The main issues influencing an Arctic field development
will be addressed in Chapter 7. However, this section will present some cases in
which, under Arctic conditions, different solutions have been used for each of the
main building blocks already presented in this chapter.

Production Facilities

Physical environmental conditions (metereological and marine) and site specific
conditions (soil, geotechnical, bathymetric, permafrost etc.) in addition to the
wave and ice actions on the selected platform to be placed at the location, are key
parameters in order to develop a safe design. In the Arctic, the uncertainties in the
estimate of the design ice conditions are specially large. Moreover, the uncertainties
in the ice properties are also important when determining the ice actions [12].

Subsea installations in Arctic conditions present challenges related to the use of
the facilities under ice covered waters. Regarding drilling and maintenance of the
wells, specific technology to avoid the ice is required. In addition, the possibility
of ice interaction with the templates in shallow water is another concern. Ice
strengthened steel templates and trenching of pipelines are required. Moreover, the
well stream flow in Arctic pipelines represents an extra challenge, due to the more
probable hydrate formation ? at low temperatures [11].

Two examples of production facilities in the Arctic are presented here:

— The Prirazlomnoye field located on the Pechora Sea shelf in nothern Russia, is
at 60km from the shore, at a water depth of about 20m. This field development
is designed with a single gravity based platform in the center of the field. The
Prirazlomnoye platform (Figure 4.8) is an Arctic ice-resistant oil-producing
platform. Well drilling, oil production, storage and offloading are planned
to be carried out*. Its main features are resistance to strong ice loads and
year-round operability.

— The White Rose field (Figure 4.9) is located on the Grand Banks, Canada, in
water depths of around 120m. The field has been developed using a FPSO
vessel. The subsea wells are located in excavated glory holes® to protect the
subsea equipment from possible iceberg scour. The subsea wells are connected

3See section 5.4.1 for more details

4Start up of the production is delayed (as per June 2013) due to problems with topsides
commissioning.

5Protection measure for subsea equipment. The top of the equipment has a minimum clearance
of 2 to 3m below the seabed level. This is due to the measured scour depths in the area of 1m.
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Figure 4.8: Prirazlomnoye Arctic ice-resistant platform. Source: Gazprom

through flexible flow lines and risers to the ship-shaped floating facility. The
FPSO'’s turret system is designed to allow the facility to disconnect from
the subsea installations and move in the event of an emergency such as an

approaching iceberg.

Figure 4.9: White Rose field development on the Grand Banks, Canada. Source:
Husky Energy


http://www.gazprom.com/about/production/projects/deposits/pnm/
http://www.huskyenergy.com/
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Onshore Processing and Transport Schemes

Hydrocarbon transport from Arctic offshore fields entails large challenges,
whether pipeline or ship transport is selected. In addition, the very long dis-
tances to the oil and gas markets, are translated into substantial capital and
operational costs [12].

Establishing an onshore terminal in an Arctic region involves operational and
technical challenges that will usually involve a comprehensive economical and risk
assessment. The feasibility of this type of project and associated issues, will be the
focus of this thesis report from Chapter 9.

A good example of an Arctic innovative project involving subsea installations,
wellstream, pipeline transport and an Arctic terminal, is Snghvit (Figure 4.10).
This is the first offshore development in the Barents Sea and presents no surface
installations. The full wellstream is transported directly to the processing plant on
the Melkgya island, using a 143km long pipeline. The transport of the unprocessed
wellstream, through a long seabed pipeline like that, presents several challenges
itself. Due to the high pressure and the low temperature on the seabed, ice plugs
(hydrates) will tend to form in the pipeline. This is avoided by adding Mono
Ethylen Glycol (MEG) at the wellheads, or by heating up the pipeline electrically
as required [9].

Other Arctic considerations for the offshore subsea facilities and the onshore plant
are very important, with aspects such as sudden changes in weather conditions due
to the Polar Low Pressures, icing of equipment and facilities, working environment
under low temperatures, safe ship transportation of Liquified Natural Gas (LNG)
to the market or offshore maintenance as some of the main issues. In addition,
special measures need to be taken in order to limit discharges to the sensitive Arctic
environment.

Figure 4.10: Snghvit field layout in the Barents Sea. Source: Statoil


http://www.statoil.com/en/ouroperations/explorationprod/ncs/snoehvit/pages/default.aspx

Needs for Processing and
Transport Schemes

Processing is a key part of a hydrocarbon development. The wellstream from a
reservoir is normally not suitable for transport or marketing. Processing of the
wellstream is necessary to obtain products that can be transferred to land for further
processing and to obtain commercially suitable products (Figure 5.1).

RESERVOIR MARKET

Sales
products
PROCESS
Water, CO,,
HaS, etc.

Figure 5.1: Need for processing.

The ultimate purpose of the required processing is the transformation of the
well flow into marketable products with the required qualities before the delivery
to customers is carried out. However, another important determinant of the need
for processing, is to generate products that can be transported and/or stored. For
instance, to be able to transport oil or condensate by ships, these must be stabilised!,
which leads to the removal of the water and most of the gas components from the
crude oil [8]. Another transport processing requirement, has to do with the fact that

1See Section 5.2.2
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non processed oil or gas transported by pipeline to shore, might lead to hydrate
formation, which could cause partial or complete plugging of the pipeline. In this
case, the use of chemicals or heat is necessary to avoid it.

The needs for processing as a key part of a field development, and the main
transport schemes will be addressed in this chapter.

5.1 Well Stream

The needs for processing of the wellstream will vary depending on several factors
regarding the composition of the wellstream and its properties. Therefore, the
knowledge of the basic physical and chemical properties of the wellstream is essential
for the design of the process facilities and moreover to determine the sales products
that can be obtained.

The wellstream is a complex mixture of organic compounds, mostly hydrocarbons
(molecules composed of hydrogen and carbon atoms), some water and may also
include sulphur, nitrogen, oxygen, sand and metal compounds. Typically the
carbon element represents around 85%, the hydrogen element 11-14% and the
other elements usually less than 1%. The non-hydrocarbon components are small
in volume percent, but of particular importance, especially if HyS or CO5 are
present. Their influence on the quality and the processing requirements is notable,
for instance causing corrosion in combination with free water, in addition to the
toxicity.

Wellstream fluids are very diverse, varying from gases, to clear or almost solid
liquids (Extra Heavy Crude). The different types of wellstream can then be classified
depending on the fluid composition, but also using easily measurable properties in
the field, such as:

— 01l gravity: usually expressed in degrees API 2
— Gas to Oil Ratio (GOR): volumetric ratio of the gas/oil produced at standard
conditions of temperature and pressure (25°C, 1 atm).

Table 5.1 shows the main types in which the wellstream can be classified, taking
into account its oil gravity and gas to oil ratio [10].

2 American Petroleum Institute (APT).
API = 141.5/y — 131.5

where ~ is the specific gravity of the oil with respect to water
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Table 5.1: Types of reservoir fluid

Dry Wet Gas Volatile Black
Gas Gas Condensate Oil Oil
Degrees API - 60-70 50-70 40-50 <40

GOR (Sm®/Sm?®) No liquids >15000  3000-15000  2500-3000  100-2500

Wellstreams with different gas to oil ratio will have different needs in terms
of processing. High GOR oil, for instance, will need large processing facilities to
stabilize the oil. As the API number, expressed as degrees API, goes up, the less
dense (lighter and thiner) is the crude. The different density will influence, for
instance, the production of refined products. The water content can also influence
the type of processing required for the wellstream. In these cases, gas drying is
needed, and if the amount of water to handle is large, special facilities for this
purpose may be needed. As it was mentioned before, it is of great importance to
identify the presence of H5.S, C'O5 and radioactive or corrosive substances as early
as possible, to enable the appropriate choice of processing facilities and the selection
of materials [8].

The composition of the wellstream (hydrocarbon, acid gas, other contaminants
or water content) and its properties (particularly the GOR, oil density and fluid
viscosity) will determine the basis for the design of the process facilities. Therefore,
accurate measurements of flow and compositional data are required in order to
determine the initial volumes of fluid and the flow properties, at an early stage of
the development.

5.2 Processing of Oil and Gas

As it was pointed out in the introduction of the chapter, the wellstream from a
reservoir is normally not suitable for transport or marketing. Usually the well stream
consists of a full range of hydrocarbons from gas (methane, butane, propane, etc.),
condensates (medium density hydrocarbons) to crude oil. In addition, components
such as water, carbon dioxide, sulfur or sand are usually present. Processing of
oil and gas, therefore, comprises a number of complex procedures and facilities to
obtain products suitable for transport and sales. The main processes are outlined
in Figure 5.2.

5.2.1 Separation

As described before, the well stream consists of gas, oil, water and various contami-
nants. The function of the separators is to split the flow into the desirable fractions.
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Figure 5.2: Processing schematic diagram. Modified from F. Jahn et al., 2008
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Figure 5.3: Three phase separator. Source: F. Jahn et al., 2008

Separation might be carried out at a single or multiple stage separator. Usually
multistage separation at different pressures is employed to achieve maximum liquid
recovery. The retention period is typically 5 minutes to allow the gas to bubble
out, water to settle at the bottom and oil to be extracted in the middle [13]. An
example of a basic three-phase separator is shown in Figure 5.3.

5.2.2 OQil stabilization and water handling

Even after separation, the oil/condensate still contains gas and water. Crude oil or
condensate needs to be stabilised to minimise gas evolution during transportation by
tanker. This process generates stable liquids with a vapour pressure lower than 0.8
bar at ambient temperature by removing the volatile components, usually through
a fractionation column [8].
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Figure 5.4: Natural gas composition and terminology. Source: F. Jahn et al.,
2008

Usually a large amount of water with different chemical compositions is produced
from petroleum production. The separated water from the wellstream can be
reinjected into the reservoir or treated. Water treatment systems before disposal to
sea are required to meet the corresponding environmental regulations. Standars
range between 10 and 100 parts per million (ppm) of oil in water. In most regulations,
40ppm of oil in water is the legal requirement [10].

5.2.3 Gas processing

Natural gas processing consists of separating all of the various hydrocarbons and
fluids from the natural gas (Figure 5.4), to produce dry natural gas with the required
transport and sales specifications. Sales gas (dry gas), mainly consists of methane
(CHy), but also contains other hydrocarbons such as ethane, butane and propane.

Gas processing comprises, therefore, several stages. Firstly, to prepare gas prior
to transportation by pipeline, it is necessary to extract or inhibit any component
which could cause corrosion or blockage (water vapour, heavy hydrocarbons and
contaminants such as carbon dioxide and hydrogen sulphide). Before delivery to the
users, further processing is carried out, usually Natural Gas Liquid (NGL) recovery,
compression and possibly liquefaction of natural gas (LNG) or propane and butane
(Liquified Petroleum Gas (LPG)) for easier storage and transport.

— Acid gas removal

The main acid gases in produced gas are carbon dioxide (COz) and hydrogen
sulphide (H2S). The acid gas removal is needed mainly due to corrosion and
toxicity (H2S). Removal can be carried out by absorption, adsorption or gas
permeation [8].
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— Gas dehydratation

In case the gas contains water vapour, it might be necessary to dry it (de-
hydratation). Water condensation could lead to hydrate formation, causing
blockage of the pipeline or process equipment. Dehydratation can be per-
formed by several methods: cooling, absorption or adsorption. Absorption
using solvent tetraethylene glycol (TEG) is the most common method [10].

NGLs recovery

Once natural gas has been separated from crude oil (in case this is present), it
usually contains other hydrocarbons, mainly ethane (CyHg), propane (C3Hg),
butane (CyHyg), and pentanes. These are known as NGLs. These are usually
recovered by a fractionation plant, in which the stream passes through a series
of distillation columns called de-ethaniser, de-propaniser and de-butaniser, to
extract ethane, propane and butane respectively and leave a residual stream
of pentane and higher hydrocarbons [10].

Compression

Gas from a pure natural gas wellhead, may have enough pressure to enter
directly a pipeline transport system. However, gas from separators usually
loose so much pressure that it must be recompressed for transportation [13].
There are several types of compressors used, the main types the reciprocating
and centrifugal compressors. Compression facilities are generally the most
expensive in the gas process faciliy [10].

Liquefaction of gases

Liquefaction of gases may be carried out for easier transport or storage. For
instance, if the distance to the user is very large, gas might be shipped as
a liquid. Natural dry gas is liquefied (LNG) by refrigeration at -162 °C at
atmospheric pressure. The volume is reduced to 1/600th of the original volume
by this process. In a receiving terminal, the LNG is unloaded and can be
converted back to gaseous phase before distribution to users.

Propane and butane are relatively heavy gases which can be also liquefied for
transportation and storage purposes. The liquefied mixture is called LPG, and
is usually liquefied by refrigeration at a temperature of -50°C and atmospheric
pressure. It can also be liquefied by pressurization at ambient temperature.

Figure 5.5 shows the relation between temperature and minimum pressure
required to liquefy different gases.

5.3 Sales products

As a summary, Table 5.2 presents an overview of the different trade products, their

composition and primary use in the market.
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Table 5.2: Products from oil and gas production

Type of Product

Description

Main use

Crude oil and

condensate

Refined

products

Natural Gas
Liquids (NGLs)

Natural Gas
Dry gas

LNG

Complex mixture of hydrocarbon
molecules in different

combination/concentration

Gasoline, gasoil, naphtha,

kerosene, jet fuel, asphalt, etc.

Ethane (C2Hs), propane (CsHsg)
and butane (C4H10)

LPG (Liquefied butane and propane
by refrigeration (-50 °C) or pressure)

Mainly methane (C'Hy), but with
limited quantities of heavier gases
Liquefied Natural Gas by refrigeration
at -162 °C. Mainly methane (C'Hy)

Converted to refined
products in oil

refineries

Mainly transportation

and industrial sector

Transportation,
residential, industrial

and commertial sectors

Industrial purposes,
residential heating and
cooking, electricity
generation at a

gas power plant
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5.4 Transport Schemes

Once oil and gas have been processed to obtain commertially suitable products, these
need to be transported to the users. The main transport methods are pipelines and
ships. Distance, volume, product specification and the capacity of the processing
facility are some of the parameters determining the transport scheme.

The transport method usually varies depending on the nature of the products.
Table 5.3 summarizes the different trading products and their corresponding method
of transport.

Table 5.3: Types of products and transport schemes

Type of Product Transport Scheme
Crude oil and Stable Oil tanker
condensates Non-stable Pipeline

Refined products Gasoline, gasoil, Product tanker

naphtha, kerosene, etc.

Natural Gas Liquids Ethane, LPG Liquid gas carrier
(NGLs)
Natural Gas Dry gas Pipeline

LNG Liquid gas carrier

In terms of distances and volumes, the most common solution for natural gas
is pipeline transport, whereas oil transportation varies between pipeline or ship,
noticing that only stable oil can be transported on ships due to safety reasons.
90% of the natural gas is transported by pipeline, although ship transportation of
natural gas as liquefied gas (LNG) is increasingly used, especially for long distances,
where pipeline construction is not economically or technically feasible. Pipeline
transport for more than 2000km is not a common solution [8], except in the absence
of suitable maritime access. Pipeline transport is therefore favoured over ships as
an export solution in case of smaller distances to the market or large volumes.

Therefore, different parameters (distance, volume, product specification and
capacity of the processing facility), determine the costs of the different transport
schemes, making pipeline or ship transport the most suitable method in each case.
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5.4.1 Pipeline transport

Oil and gas transport through pipelines has several advantages as well as disad-
vantages. The main advantages of oil and gas pipelines as a transport scheme are

[8]:

— Small operation and maintenance costs: although large capital investments
are required, the costs afterwards are relatively low.
— Long lifetime: usually over 50 years if the conditions are optimal.

The main disadvantage is the lack of flexibility; when installed, there is little margin
for modification.

The pipeline system on the Norwegian continental shelf is the largest of its kind
in the world. It comprises 8100km of oil and gas pipelines connecting fields with
processing facilities on the Norwegian coast along with connexion points in France,
Germany, Belgium and UK. Figure 5.6 shows the existing and projected oil and gas
pipelines for Norwegian exports to Europe.
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Figure 5.6: Existing and projected pipelines on the Norwegian Continental Shelf.
Source: The Norwegian Petroleum Directorate
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The pipeline design requirements, will be determined by the product specification,
the flow rates and the pressure conditions. For gas pipelines, for instance, a high
content of COy and elevated temperatures may corrode carbon steel, necessitating
the use of a corrosion inhibitor to protect the carbon steel or the use of corrosion-
resistant steel. For oil pipelines, for instance, very viscous oils may need upstream
processing or some treatment along the pipeline such as heating, pigging or special
insulation. In addition, a multiphase flow will require measures to avoid hydrates®.
In pipelines carrying gas with large contents of condensate and NGLs, pressure
must be managed to prevent separation of the liquids from the gas. The pressure
accepted at the receiving terminal is also of importance [11].

5.4.2 Maritime transport

Ship transportation is competitive for very long distances where pipeline construction
is not economically feasible. In addition, an important advantage is its flexibility
when compared to pipeline transport, as most oil and gas tankers are able to call
at almost any port or refinery around the world [8].

The type of liquid bulk carrier used, depends on the product being carried.
Table 5.4 gives an overview of the different liquid bulk carrier types depending on
the product handled [14].

Table 5.4: Liquid bulk carrier types

Type of Type of Capacity range Length  Fully loaded
Product bulk carrier (1000 dwt) Loa (m) draught (m)
Crude oil Crude oil tanker 20-400 175-380 9.2-24
Refined products Product tanker 3-50 90-210 6-12.6
LNG LNG gas carrier 60-90 202-245 11.8-12.7
LPG LPG gas carrier 0.5-70 138-220 7-11.5

i O1il tankers

There are several types of crude oil tankers (Figure 5.7) from the Panamazx
tanker between 50 and 80 dwt of capacity to the Ultra Large Crude Carrier
(ULCC) of up to 550000 dwt. Even if the size of the tankers has seen an
important increase through the years, nowadays the intermediate size tanker
(50 to 200 kdwt) has become more important since bigger tankers can only
call at few ports in the world due to their deep draught (i.e. up to 24m) [14].

3Hydrates may be generated when hydrocarbon molecules are in contact with water at high
pressures and temperatures below 15-25°C
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Figure 5.7: VLCC "Alexander The Great", 297456 dwt. Source: Capital Ship
Management

ii Liquid gas carriers (see Figure 5.8)

The gas is transported at high pressure or at low temperature. The products
involved include:

— LPG: mixture of propane and butane
— LNG: maily consisting of methane
— Other liquefied gases: amonia, ethylene etc.

The gas is mostly transported at atmospheric pressure and refrigerated (LPG:
-50°C; LNG: -162°C) in liquid form. Some small LPG tankers carry the
gas pressurised (at about 7bar). It is not possible to liquefy the LNG by
pressurisation at temperatures above -80 °C. In addition, it is not possible to
carry pressurised LPG in big vessels, since it would require too thick walls
for the tanks. The biggest advantage is that the volume of the liquid form of
natural gas is reduced to 1/600 of its original gas volume.

Figure 5.8: LNG gas carrier "Golar Mazo", 76210 dwt. Source: LNG World News
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Needs for Oil and Gas Onshore
Terminals

Oil and gas onshore terminals (Figure 6.1), are dedicated harbour facilities with
different functions such as: export, import, transshipment, storage and processing
of oil and/or gas. The reasons why these terminals are dedicated, and therefore
separated from other port facilities, have to do with:

— Safety aspects

— Security aspects

— Size of the ships

— Special layout for the quays

— The land facilities are restricted areas

Figure 6.1: Karstg gas terminal, Norway. Source: Offshore Energy Today
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6.1 Onshore versus Offshore Terminals

There are several activities carried out at an onshore terminal. The main function
of the terminals is to receive the incoming oil or gas, in 