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Abstract
The Master Thesis aims to develop a cluster oil and gas fields development

concept in the Pechora sea and carry out an economic feasibility estimation of this
concept.

The first chapter describes the climatic conditions of the Pechora Sea. The
geographical characteristics and characteristics of hydrometeorological and ice
conditions are under consideration.

The second chapter introduces the main challenges linked with offshore arctic
oil and gas fields’ development.

The third chapter presents the selection of a field-group for a cluster
development consideration. After that, the design of the development concepts for
the selected group of fields was carried out. The chosen fields are Dolginkoye,
North-Gulyaevskoye and Pomorskoye oil and gas/condensate fields. The production
profile for each field and the total production profile have been plotted.

The fourth chapter presents the infrastructure choice for the chosen cluster
development concept: the choice of a gravitational-type platform design; selection
of an LNG plant and natural gas liquefaction technology; selection of subsea
production systems; choice of a loading and shipment method of carriers for
transportation of extracted products.

In the fifth chapter, the concept's economic feasibility and the further selection

of the most cost-effective concept was under consideration.
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Introduction

The Pechora Sea belongs to the Timano-Pechorskaya oil and gas province
with a high density of initial geological hydrocarbon reserves. The sedimentary
cover of the sea contains vast hydrocarbon reserves, the development of which is
already started. The initial total oil and gas reserves in the Pechora Sea make up
8.1% of all oil and gas reserves located in the Russian seas (4th place), the initial oil
reserves are 16.9% (2nd place) [1].

The first field developed in the Arctic is the Prirazlomnoye field. The location
of this field is the Pechora Sea.

Currently, the question of continuing the development of the Pechora Sea is
acute; there are a large number of deposits located here, the distances between which
are quite small. The big and fundamental challenge is to find a way to start the cluster
field development. This work aims to develop the concept of cluster field
development and determine its profitability for a group of deposits of the Pechora
Sea.

The Objectives of this work are:

1. Pechora Sea description;

2. Pechora Sea's oil and gas fields description;

3. ldentification of the main challenges associated with the Arctic and Sub-

Arctic offshore oil and gas field development;

4. Determination of oil and gas fields group for the further concept
development;

Design of several development concepts for the determined group of fields;
Design of the development concepts’ infrastructure;

Concepts' economic feasibility analysis;

© N o O

Determination of the best concept from an economic point of view.
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1. The Pechora Sea description

1.1. Environmental issues of the Pechora Sea
1.1.1. Geographical description
The Pechora Sea is a part of the Barents Sea. However, it has its unique history

of development, has a peculiar relief and sedimentary structure, and differs from the
Barents Sea in its hydrological and ice regime. There are official borders of the
Pechora Sea, adopted on November 28, 1935, by a resolution of the Central
Executive Committee of the USSR. From the north-west, the Pechora Sea is limited
by the line of the Kolguyev island - Chornyi cape in the Mezhdusharskiy Strait on
Novaya Zemlya, and from the southwest by the line of the Kolguyev island - Svyatoy
Nos cape on the Timan coast of the Malozemelskaya tundra (Figure 1.1) [2]. At the
same time, the Kara Gates and Ugra Straits do not belong to the Pechora Sea. All
shores washed by the sea belong to Russia (mainland coast, Kolguyev and Vaigach
islands — Nenets Autonomous District, Novaya Zemlya archipelago — Arkhangelsk
region).

The dimensions of the Pechora Sea are: in the latitudinal direction - from
Kolguyev Island to the Kara Gate - about 300 km and the longitudinal direction -
from Cape Russkiy Zavorot to Novaya Zemlya - about 180 km. The area of the sea
is 81,263 km?; the volume of water is 4,380 km?.

Within the Pechora Sea, there are several bays: Ramenka, Kolokolkova,
Pakhanskaya, Bolvan, Khaipudyrskaya, Pechora (the largest). The largest river
flowing into the sea is the Pechora river.

The sea is shallow with gradually increasing depths in the meridional direction
from the mainland coast. Along the southern coast of the Novaya Zemlya

archipelago, there is a deep-sea trench with depths of more than 150 m [3].
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Figure 1.1. Pechora Sea location on the map

1.1.2. Hydrological and meteorological description

Wind:

Repeatability of wind speed by rumbas (N, NO, O, SO, S, SW, W, NW),
"wind rose" - this is one of the primary regime characteristics of wind speed. The
initial data for the table below compiling was a data array with a 3 hours resolution
in duration from 1949 to 2006.

Table 1.1 [4] shows the values of the wind speed ranked sample module

quantile function x,,. The members of such a sample are called ordinal statistics and
are quantile estimates x,, for a given p, and the serial number is defined as the integer

part of the number np + 1.

The term p is a probability that should be understood as an estimate of the
probability of the event. p = 100% and p = 0% in probability theory are
impossible; in mathematical statistics, the ranked series are always of limited
volume (sample size n), therefore, in the following tables,p = 100%andp = 0%

IS an abstraction, the extreme members of a sample x; of volume n (X1, Xmax)-

Table 1.1. Quantile function x, of the wind speed absolute value [4]

p, % Xp, M/S p, % Xp, M/S p, % Xp, M/S
100 (min) - 75 5.8 20 11.7
99 1.7 70 6.3 15 12.5
97 2.5 60 7.2 10 13.6
95 3.0 50 8.1 5 15.3
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Continuation of Table 1.1.

90 3.9 40 9.2 3 16.5
85 4.6 30 10.3 1 18.7
80 5.2 25 10.9 0 (max) 28.6

According to the table above, the quantiles x,, =5.8m/s, xp,5 =
10.9 m/s, the median Me = x,s = 8.2 m/s, the highest value is 28.6 m/s, span

R = Xpax— Xmin = 28.6 m/s since the smallest value is calm interquartile distance

X0.25+X0.75+2X0 5

Q = Xg5 — Xo75 = 5.1 m/s, “three-average" value T = =82~
The indicator T shows a quantile estimation of the average sample value, and the
indicators Q and R allow us to estimate the standard deviation o.

Table 1.2 [4] shows the sample sizes n; values of the wind speed absolute
value conditional distributions by rumbas, five quantiles x,,,;, X0 75, X0.5) X0 25) Xmax

and the values of the indicators (Q,R, T).

Table 1.2. Quantile estimation of the sample average values [4]

Direction | nj Xmin X0.75 Xo5 X0.25 Xmax Q R T

N 13836 | 0.50 5.30 7.40 9.80 22.70 | 4.50 2220 |7.48
NE 12864 | 0.60 5.20 7.20 9.40 22.40 |4.20 21.80 |7.25
E 14591 | 0.40 5.60 7.70 10.10 |21.10 |4.50 20.70 | 7.78
SE 13523 | 0.60 5.60 7.80 10.10 |23.20 |4.50 22.60 |7.83
S 15406 | 0.50 5.90 8.30 11.10 |28.60 |5.20 28.10 |8.40
SW 20520 | 0.40 6.70 9.60 12.70 | 27.00 |6.00 26.60 |9.65
w 18448 | 0.30 6.20 9.10 12.20 | 26.60 |6.00 26.30 |[9.15
NW 15859 |0.70 5.70 8.10 10.80 |26.40 |5.10 25.70 |8.18

The mean value (average value of the wind speed vector) is 1.4 m / s, and the
direction of this vector is 242°.

Waves:

The repeatability p(h, T) and the significance F (h, t) of average wave heights
and periods, as well as the quantile functions h,, 7, of marginal distributions are
presented in Table 1.3 and Table 1.4 [4].
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Table 1.3. The repeatability p(h,t) and the significance F(h,t) of average wave heights and

periods [4]
T, hy
P [0.0;0.5) | [0.5;1.0) |[1.0;1.5) | [1.5;2.0) | [2.0;2.5) | [2.5;3.0) | [3.0;3.5)
p(h, 1) 5.6 — — — _ _ _
(L2 Trh,o) | 1000 | - - - - - -
p(h, 1) 26.0 17.5 — - — _ _
[23) F(h,t) | 944 68.4 — — _ _ -
3.4) p(h, ) 0.5 21.5 11.1 — _ — -
" | F(h,T) | 684 50.4 28.9 — — — -
[4.5) p(h,T) 0.0 0.1 6.7 7.3 0.6 — —
" | F(h,t) | 679 28.9 17.8 11.2 3.8 - -
[5.6) p(h, 1) 0.0 0.0 0.0 0.1 2.1 0.8 0.1
" | F(ht) | 679 28.9 11.2 3.8 3.1 1.1 0.2
6.7) p(h, ) 0.0 0.0 0.0 0.0 0.0 0.0 0.1
" | F(h,t) | 679 28.9 11.1 3.7 1.1 0.2 0.2
The symbol """ means that the corresponding values are absent in the sample

or their probability is close to 0.

According to the above table, it can be found that the mean value of the wave
height is approximately 0.78 m, and the mean value of the wave period is

approximately 3.1 s.

Table 1.4. Quantile functions of average heights and wave periods [4]

p,% |hy,Mm| 1H¢ | p% | hpM | TpC | p% | hpM | TpC
100
_ 0.0 1.0 75 0.4 2.4 20 1.2 3.9
(min)
99 0.1 1.6 70 0.4 2.5 15 1.3 4.1
97 0.2 1.8 60 0.5 2.7 10 1.5 4.3
92 0.2 1.9 50 0.6 3.0 5 1.8 4.7
90 0.3 2.1 40 0.8 3.2 3 2.0 5.0
85 0.3 2.2 30 0.9 3.5 1 2.5 5.4
0
80 0.3 2.3 25 1.0 3.7 4.2 6.8
(max)

The shape of the coastline has a significant effect on the wave regime. The
area is completely protected from the north, east and south, the water depth is
relatively small. The highest waves have a north-west direction, and the intensity of
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the waves decreases from west to east.
The storm season usually begins in October and at depths of 20-30 m. The presence
of ice ultimately determines the wave regime in the winter and spring months. In
summer, a calm surface prevails [5].

Air temperature:

The number of days with air temperatures below 0 °C is approximately 230
days per year. The coldest month is February, the average temperature in the
Varandey region is -18.3 °C, and the absolute minimum of the observed temperatures
Is -48 °C. From December to March, the temperature change is insignificant. Figure
1.1 represents the difference between air temperatures from the west (North
Kolguev) to the east (Varandey). The average annual temperature in the North
Kolguev region is -2.9 °C and in the Varandey region -5.6 °C.
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Figure 1.1. Average and extreme minimum air temperatures in North Kolguev and Varandey,
Pechora Sea. Data refer to the period 1936-1979. for Northern Kolguev and 1940-1980 for Varandey [5]

Currents:

The entire range of seawater movements is presented in the Pechora Sea
current system: quasi-stationary circulation, synoptic-scale currents (storm surges)
and tidal currents. Quasi-stationary currents are represented by the Kaninsky,
Kolguyevo-Pechora, Pechora currents and the Litke current flowing from the Kara
Sea and spreading along the western coast of Novaya Zemlya. Their speed is low

and usually does not exceed 0.2 m/s. The nature of the tidal current is semidiurnal,
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that is mean that the tidal wave makes a full movement in both directions for

approximately 12 hours [6, 7].
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Figure 1.2 Scheme of quasi-stationary currents of the Pechora Sea [6]
The main direction of water masses movement (currents) during the tides is
from the southeast to north-west (Figure 1.2). During low tide - on the contrary, the
speed of the tidal current (in spring) can reach 0.4 m / s. The maximum speed of

wind casting currents is 1 m/s [5].

1.1.3. Ice conditions
One of the most critical features of the Pechora Sea is the presence of one-

year (in small amounts of multi-year) ice of local origin. Also, small amounts of ice
from the Kara Sea (through the Kara Gate) and the White Sea (through the
Pomeranian Strait) appears in the Pechora Sea.

The ice season in the Pechora Sea lasts on average from late October to late
July. The peak of the ice cover is observed in March-April. During this period, the

entire surface of the water in the Pechora Sea is covered with ice, Figure 1.3.
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Figure 1.3. Ice concentration in the Pechora Sea (March 2012) [8]

The average duration of ice season lasts 185 days for the western part of the
sea and 240 days for the eastern. The average free water period in the Prirazlomnaya
platform’s area is 110 days.

The Pechora Sea is characterized by intense ice drift. Ice drift is caused by the
combined action of wind and current (including tidal currents). Due to the
occurrence of such a phenomenon nature, the Pechora Sea ice drift is characterized
by significant variability. The average ice drift velocity is 0.005 m / s, and the
maximum is 0.05 m/s.

The maximum thickness of the sea ice is approximately 1.1 m. The layered
ice formation with thickness up to 2.5 m is also possible. The ice structure is
granular, ice salinity in winter is 5-6%, in spring 2.5-3%.

It should be noted that a large number of hummocks distinguishes the Pechora
Sea. In the drift zone, hummocking can reach 3-4 points in February and 5 points in
April. Typically, hummocks are composed of blocks 0.3—0.6 m thick. The keel draft
Is approximately 3—6 m but can reach 12-18 m [5].
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1.2. Oil and gas fields in the Pechora Sea

@ Northern part of Dolginskoye

@ Southern part of Dolginskoye

North -Gulyaevckoye
@ J y @F‘rirazlnmnnye

@ Medynskoye-More

@ Varandey -More
Khaypt

@ Peschanoozerskoye @ Pomorskoye

Strait

Yandex

Figure 1.4. Oil and gas fields in the Pechora sea: red boundary — gas/condensate field; blue
boundary — oil field; purple boundary — oil and gas/condensate field

The figure above represents oil and gas fields in the Pechora Sea [9]:
e Prirazlomnoye field;
e Dolginskoye field (Northern and Southern parts);
¢ North-Gulyaevskoye field;
e Medynskoye-More field;
e Pomorskoye field;
e Peschanooserskoye field.
The brief description for each field is presented below:
Prirazlomnoye field:

The Prirazlomnoye oil field is located in 55 km north from the Varandey

village, 240 km northeast from the Naryan-Mar river port (Pechora River) and 980

km east from the Murmansk city. The water depth within the field does not exceed

19-20 meters. The soil of the sea bottom in the area of work is mostly represented

by sand.

The field was discovered in 1989 by exploratory well No. 1, drilled in the arch

part of the anticlinal fold to a depth of 3100 m. When testing the Lower Permian-
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Middle Carboniferous limestones in the interval 2368-2438 m, an industrial oil flow
was obtained with a flow rate of 393 m®/day after acid treatment. 3D seismic work
was performed at the field. The development of the field started in 2013. The
operator of the field is the company Gazprom Neft Shelf.

Initial geological oil and associated gas reserves were approved by the Central
Concern of the Russian Federation Ministry of Natural Resources (protocol No. 128
of 04/26/2001). The initial geological reserves in C;+C; categories are 231.1 million
tons, including the C; category - 153.4 million tons. The recoverable oil reserves of
the productive horizon were approved by the State Reserves Committee of the
Russian Federation for categories C; + C, in the amount of 69.3 million tons,
including the category C; - 46 million tons. The oil recovery coefficient for the
deposit was approved equal to 0.3. Due to the increase in the field cost-effective
development period (oil price increasing), the total recoverable reserves were
estimated to be 77.1 million tons (Approved by Protocol of the Central Commission
for Development No. 3459 of 10.10.2005).

Initial geological resources of the associated natural gas in categories C1+C;
were approved by the Central Concern of the Russian Federation Ministry of Natural
Resource in the amount of 10.4 billion tons.

Dolginskoye field:

The Dolginskoye field is located in the central part of the Pechora Sea, 120
km south from the Novaya Zemlya archipelago and 110 km north from the mainland.

It was discovered in 1999 during the Lower Permian-Carboniferous carbonate
deposits testing with a well drilled in the crestal position of the South-Dolginskaya
structure.

The dimensions of the Dolginskaya structure along its long axis, elongated
along the Dolginsky fault in the elevated northern wing at different levels, ranging
from 75 to 90 km. The height of the structure decreases upstream from 500 m and
more in the carbonate part of the section to 250 m in the Lower Triassic sediments
[10].
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Water depth range from 15 to 62 meters in the field area. The average water
depth is 39 m.

Currently, four exploratory wells have been drilled at the Dolginskoye field/

The oil potential at the Dolginskoye field was determined based on the drilling
data from two wells: North-Dolginskaya-1 (completion of construction in 1998) and
Yuzhno-Dolginskaya-1 (completion of construction in 1999), as well as based on
seismic surveys conducted in 2006. Based on these data, the oil content of the Lower
Permian-Carboniferous deposits was established, and the oil content of the Upper
Permian deposits is assumed from the geophysical well logging materials.

For a long time, it was believed that the Dolginskoye field is an oil field with
a small amount of associated gas. In 2014, during the drilling of the North-
Dolginskaya-3 well, industrial gas inflow with a hydrogen sulfide content of up to
20% was obtained.

Taking this information into account, the reassessment of reserves has been
done. Current estimation of reserves is 190 million tons of oil, 90 billion m3 of gas
and 15 billion m?® of associated gas in the C,+C; category [11, 12, 13].

North-Gulyaevskoe field

The North-Gulyaevskoye oil and gas/condensate field is located 50 km west
from the Prirazlomnoye field within the Gulyaevsky shaft. One well was drilled at
the field and two deposits discovered. An oil deposit is located in terrigenous
deposits of the Upper Permian, and a gas condensate deposit is in the carbonates of
the Lower Permian [14].

The North-Gulyaevskoye field was discovered in 1986. The field was
discovered by Arktikmorneftegazrazvedka during geological exploration for oil and
gas offshore. The depths of the sea range from 10 to 30 m. The average depth is 30
m. The North-Gulyaevskoye oil and gas condensate field in terms of hydrocarbon
reserves refers to medium fields with oil reserves of C; + C; categories is 13 million
tons, gas - 52 billion m3[15, 16].
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Medynskoye-more field

The Medynskoye-More oil field was discovered in 1997 in the southern part
of the Pechora Sea. It is located 40 km from the village of VVarandey. The water depth
within the field is 12-22 m. The average depth of the sea is 22 m.

Four wells were drilled at the field. Arktikmorneftegazrazvedka drilled one
well (No. 1) under a contract with Gazprom company, and wells (No. 2,3,4) - under
a contract with Arktikshelfneftegaz company. Five deposits have been identified
associated with carbonate deposits of the Lower Permian-Carboniferous and
deposits of the Upper and Lower Devonian at this field. The field consists of two
domed elevations (Medynskoye-More 1 and Medynskoye-More 2).

The deep drilling at this field was started in 1997. As it was mentioned above,
four wells were drilled at the Medynskoye-More field. During the well No. 2 testing,
heavy, viscous oil has been obtained from Lower-Permian sediments. The test of the
second well results gave the light oil inflow (oil density is 810 kg/m?®) from Lower-
Devonian sediments. The reservoir pressure is 45.75 MPa; the reservoir temperature
IS +72 °C at the reservoir depth 3060 m [5,6].

By the amount of recoverable oil reserves, the Medynskoe-More field is
classified as large.

Varandey-More field

The Varandey-Sea oil field was discovered in the southern part of the Pechora
Sea in 1995 by Arktikmorneftegazrazvedka. The average depth of the sea is 18 m.

The field is a part of the Medynsko-Varandey license area, which includes
two fields: Medynskoe-More and Varandey-More.

According to Rosneft, recoverable oil reserves for open fields in category
C,+C, are Medynskoye-More — 97.4 million tons, Varandey-More — 5.8 million
tons. Recoverable oil resources in category C; are 70.1 million tons, gas - 1 billion
m3[14, 17].

Pomorskoye field

The Pomorskoe gas condensate field is located within the Kolvinsky

megalithic banc, in 100 km west from North-Gulyaevskoye field.
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The field was discovered in 1985 during offshore oil and gas exploration in
the southern part of the Pechora Sea by Arktikmorneftegazrazvedka company.
Within the field, the sea depth is in the range of 20-30 m. The average depth is 30
m. One well was drilled at the Pomorskoye field. The results of the well testing
shown the presence of a gas-condensate deposit in the carbonate sediments of the
Assel-Sakmara layer of the Lower-Permian.

The reservoir is represented by porous organogenic-detrital limestones. The
cap is a thick (over 450 m) stratum of the Artinsky-Kungur mudstones. The
Pomorskoye field contains reserves. In terms of hydrocarbon reserves classification,
the Pomorskoye field belongs to medium fields with gas reserves in the C;+C;
categories of 20 billion m? [18].

Peschanoozerskoye field

Peschanoozerskoye oil and gas/condensate field is located in the eastern part
of the Kolguyev island, and tectonic terms are confined to the Peschanoozersky
upheaval. The field has a complex structure. It refers to the structural-lithological
type, where hydrocarbon accumulations are controlled by structural and lithological
factors. Open deposits of gas, condensate and oil have small reserves. However, the
field has been producing oil since 1987, and at the moment it has been produced by
approximately 75%. Production is planned to be carried out until 2033. At this field,
production is carried out from the shore. Oil produced from the Peschanoozerskoye
field is very light, similar in properties to the properties of condensates. The initial
reserves of the Peschanoozerskoye field are estimated at 16 million barrels of oil
equivalent [19, 20].

Since the production at the Peschanoozerskoye field is onshore, this field will
not be considered below.

Intermediate conclusions:

Consolidated information for each of the Pechora Sea fields is presented
below, Tablel.5:
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Table 1.5. Oil and Gas Fields of the Pechora Sea

Field T £ ducti Water Location [8] o .
ie e of production - erator
ypeotp depth | Latitude | Longitude g
Prirazlomnoye oil 20 57.34 69.25 Gazprom Neft
The Northern
part of QOil 55,40 69,75 Gazprom Neft
Dolsginskoye
15-
The Southern 569
part of Oil/gas 55,60 69,58 Gazprom Neft
Dolginskoye
Medl\‘;l';toye' oil 12-22 58,63 69,01 Rosneft/Arktikshelfneftegaz
Varandey-More QOil 18 57,91 68,91 Rosneft/Arktikshelfneftegaz
North- Oil/Gas/Condensate 10-30 55,60 69,30 Rosneft/Petrovietnam
Glyaevskoye
Pomorskoye Gas/Condensate 20-30 53,14 69,14 Rosneft
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2. The main challenges linked with offshore arctic oil and gas
fields development

2.1. The Arctic. General information

As climate change renders the Arctic increasingly accessible, there has been
a substantial uptick in industry interest in the region. Climate change leads to a
decrease in both the thickness and volume of ice. Because of this fact, the Arctic
petroleum reserves becoming more and more accessible. New opportunities are
opening up for industrial development and transportation of production to world
markets, for example, via the Northern Sea Route. It is estimated that investment in
the Arctic over the next decade could reach $100 billion. The Arctic contains vast
reserves of oil and natural gas - according to the US Geological Survey, the Arctic
may contain 22% of undiscovered technically recoverable resources. That
estimation includes 47.3 trillion cubic meters of natural gas and 90 billion barrels of
oil, which is 30% of the world's unexplored gas and 13% of the world's unexplored
oil. More than three-quarters of these resources are located on the territories of the
five coastal states of the Arctic Ocean: in the USA, Canada, Russia, Norway and
Greenland. Of these countries, the first 4 are currently major oil-producing countries.

However, despite global climate change, the exploration and development of
Arctic hydrocarbon resources require expensive, complicated technologies. That is
because of very harsh climatic conditions. Harsh climatic conditions include
extremely low temperatures lower than -50 °C, high ice concentration, long
distances to infrastructure centres, almost complete darkness in the winter months,
etc. In order to ensure the possibility of technically and economically feasible
development of the Arctic shelf, a technological breakthrough is needed in many
areas of science. Another factor that significantly increases the chances of success
in the Arctic shelf developing is government support (especially regarding the tax
regime) and cooperation between companies/Arctic countries.

Many ecological and social regulatory structures openly talk about the dangers
and risks associated with the oil and gas potential of the Arctic development. Given

the enormous problems associated with the elimination of oil spills in ice conditions,
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the most significant concern is the impact of such a disaster will provide on the
fragile Arctic ecosystem. In order to avoid such a catastrophe, national regulatory
structures introduce additional safety and environmental regulations. These
regulations significantly increase additional time and financial costs and provide
limitations to hydrocarbon resources access. Hence, only big companies with large
production capacities and experience in the development and exploration of offshore
fields can participate in the Arctic offshore fields development. A right solution
could be to provide a joint-venture contract between international oil and gas
companies and national oil and gas companies.

The Arctic represents the final frontier of conventional hydrocarbon
development. Accessing these resources and bringing them to market could require
another 20 years or more. Lining up these resources as the next major source of
global energy supply will require substantial investment and relatively immediate

and extensive expansion of exploration activity. [21, 22].

2.2. Arctic territory

The Arctic is often called a single region, but it is a large geographical area
with about 4 million people living in it. The Arctic is divided by absolutely different
eight countries.

For the clear understanding of the countries, that have an impact on the Arctic
development, it is essential to look at the leading, controlling organization in the
Arctic development field. One of the major organizations in the field of Arctic
developments is The Arctic Council. The Ottawa Declaration lists the following
countries as members of the Arctic Council: Canada, the Kingdom of Denmark,
Finland, Iceland, Norway, the Russian Federation, Sweden and the United States.

Also, six organizations representing Arctic indigenous peoples have status as
Permanent Participants. The category of Permanent Participant was created to
provide for active participation and full consultation with the Arctic indigenous
peoples within the Council. They include the Aleut International Association, the

Arctic Athabaskan Council, Gwich'in Council International, the Inuit Circumpolar
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Council, Russian Association of Indigenous Peoples of the North and the Saami
Council.

Observer status in the Arctic Council is open to non-Arctic states, along with
inter-governmental, inter-parliamentary, global, regional and non-governmental
organizations that the Council determines can contribute to its work. Arctic Council
Observers primarily contribute through their engagement in the Council at the level
of Working Groups.

According to the Ottawa Declaration, there are eight arctic states: The Russian
Federation; USA; Canada; Kingdom of Denmark; Finland; Iceland; Norway;
Sweden.

However, not all those countries have access to the Arctic oil and gas field
development. The following countries have such access: The Russian Federation;
USA; Canada; Kingdom of Denmark (Greenland); Norway [22, 23, 24], Figure 1.2.
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Figure 2.1. Circumpolar belt of hydrocarbon accumulation: 17 petroleum basins of Eurasia,
North America and Greenland [25]

The largest number of people living in the Arctic is observed in Russia —
approximately 2 million people. The second place is observed in the United States
(Alaska) - approximately 650,000 people, in third place — Norway with a population
of 469,000 people, in fourth place — Canada with a population of 120,000 people
and in last place Greenland — 58,000 people. Approximately 10% of the Arctic
population is indigenous. Many Arctic residents support a traditional lifestyle that
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combines hunting, fishing, reindeer herding with a nomadic lifestyle. Oil and gas
activities affect the Arctic indigenous population. Such intervention can lead to land-
use conflicts of interest. In the Arctic offshore oil and gas reserves concept
developing, the interests of the indigenous population must be taken into account.

Currently, there is no single definition of the Arctic. Although usually, the
Arctic is the territory beyond the Arctic Circle. It should be noted that such a
definition excludes Iceland, which is located just below the Arctic Circle.
Alternative definitions define the Arctic as a territory lying north of the trees line,
that means the largest latitude where trees naturally grow. Another definition
suggests that the Arctic territory is a territory where the average temperature in the
warmest month of the year does not exceed 10 °C.

In some definitions, the territories with similar to Arctic climatic conditions
(ice conditions, weather conditions) are included in the Arctic territories. A good
example of such territories is the shelf of Sakhalin Island and the Caspian Sea. These
territories are often included in the list of Arctic territories due to the similarity with
the Arctic regions’ environment.

Valuable lessons can be drawn from Norway's experience in offshore mining
and exploration, but the conditions in Norway cannot be classified as truly "arctic"
because of the Norwegian and North Seas, as well as the Norwegian part of Barents
Sea, are not covering by ice. Thus, during the development designing of Norwegian
fields, one of the most dangerous and challenging features of the Arctic regions ice
conditions are not taken into consideration.

Distribution of potential hydrocarbon reserves of the Arctic by countries is

presented below:
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Figure 2.2. Distribution of potential hydrocarbon reserves of the Arctic by countries [21]
2.3. Development features of Arctic offshore oil and gas fields
Despite the vast amount of Arctic hydrocarbons resources and the tremendous
potential benefit of developing these reserves, there are a lot of difficulties and
limitations associated with the fact that development must be carried out at sea, as
well as the fact that development must be carried out in harsh Arctic conditions.
Firstly, it is necessary to describe offshore oil and gas development features.
The main difficulty in offshore oil and gas fields development is the fact that
the development objects (exploration, development, operation) must be designed
taking into account the impact of three spheres: lithosphere, hydrosphere and
atmosphere. Since onshore fields infrastructure is only influenced by the lithosphere
and atmosphere, the design of infrastructure for offshore fields has many differences
from the infrastructure design for onshore fields. The effectiveness of offshore
development directly depends on the skilful and proper integration of all the
influencing factors of the atmosphere, hydrosphere and lithosphere.
The main components of the atmosphere are wind, temperature and humidity;
hydrosphere — current, wind waves, ice, icebergs, corrosion, etc.; lithosphere —
geological structure, geotechnical, seismic and other conditions. The phenomenon

of hydrosphere directly depends on the phenomenon of the atmosphere. This fact
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creates additional difficulties in assessing the development of oil and gas fields
conditions.

Equipment for hydrocarbon production in the continental shelf and the
production transportation to consumers should be created in offshore service, i.e.
taking into account humidity and negative atmospheric temperatures, as well as the
salinity of seawater, in which all technical equipment will be operated.

During the technological and drilling equipment arranging on land, there are
almost no area restrictions. During the offshore oil and gas fields development
designing, this factor is one of the most important and poses a global problem —
creating the conditions for placing equipment necessary for drilling, production, and
preparation/storage of extracted products.

Oil and gas transportation in offshore conditions is carried out by using subsea
pipelines or bulk tankers. Exclusive technologies and tools are being created for
pipelines laying. It should be noted that the calculation of offshore pipelines is a
challenging task since it is necessary to take into account a large number of factors,
including currents, waves, hydrostatic load, etc.

It should be noted that the conditions of freezing seas are significantly
complicated in comparison with un-freezing seas due to the appearance of ice. Such
a phenomenon as ice drift, icebergs, hammers, hummocks and so on have a
significant impact on development infrastructure. Ice loads provide tremendous
pressure on offshore development facilities, while hummocks and icebergs pose a
real danger of development facilities destruction, which could lead to an
environmental catastrophe and enormous economic losses [26].

Summarizing, the features of the development of offshore fields in Russia can
be brought to the following list [27]:

e The location of the field is often outside the territorial waters of the country.
At the same time, controversial issues arise regarding the delimitation of sea spaces
and the ownership of shelf areas, as well as border and customs restrictions on the

delivery of personnel, equipment and cargo.
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e Seasonality of fieldwork;

e Special requirements for engineering surveys.

e The need to use special floating equipment for drilling, surveying,
construction and installation works (construction and installation works) and field
operation.

e The presence of marine equipment as a part of field development facilities
requires the fulfilment of special requirements for the design documentation, as well
as special requirements for the frequency of the technical inspections, including
inspections in special docks.

e Sophisticated logistics for the delivery of people, machinery, equipment
and materials.

e The need to attract highly qualified narrow-profile specialists for R&D,
management of the most sophisticated technologies and equipment in the extreme
climatic conditions of the Arctic region.

e High capital intensity and correspondingly high investment in offshore
development projects.

e The specifics of the legislative framework governing the economic and
financial relations of project participants.

e The availability of specific information related to national security,
including exploration, hydrographic, oceanographic, etc.

The Pechora Sea is a freezing sea. In this regard, it seems necessary to describe
in more detail the difficulties associated with the development of the offshore fields
in the Acrctic.

Additional difficulties are added that have a very significant impact on the
choice of basic technical solutions in the Arctic conditions. The main challenges
linked with arctic offshore field development are listed below:

e First- and multi-year ice;
e |ce drift;

o Icebergs;
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Hummocks and stamukhas;

Seabed ice erosion;

The icing of equipment;

Permafrost soils;

The short duration of the season of construction and installation works;
Long distances to infrastructure centres;

Polar night;

Frequent magnetic storms and other natural phenomenon affecting the
communication and stability of the navigation devices;

Harsh climatic conditions (extremely low temperatures, wind, etc.).

Because of the listed above features, following technological and technical

difficulties can be highlighted:

The high cost of equipment in the Arctic;

Logistic features;

Lack of technology, experience, knowledge about the Arctic
development;

Lack of competent specialists;

Significant and incompletely assessed environmental risks;
Difficulties in emergency response;

Shortened well drilling season. Wells’ drilling is performed by using
jackup drilling platforms - drilling is possible only during the ice-free
period. Because of that, the construction of new wells is 2-3 times

longer.
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3. The choice of the development concept for the oil and gas fields
cluster

3.1. Oil and gas fields choice for the development in cluster
The currently discovered oil and gas fields in the Pechora Sea are shown in

Figure 3.1.

Pechora Sea

®
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Figure 3.1. Oil and gas fields of the Pechora Sea (red boundary — gas-condensate field, violet —
oil/gas-condensate, blue - oil):1 - Pomorskoye field; 2 - North-Gulyaevskoye field; 3 - the northern part
of the Dolginskoye field; 4 - southern part of the Dolginskoye field; 5 - Prirazlomnoye field; 6 -
Medynskoe-more field; 7 — Varandey-more field.

During the map construction, it was decided to divide the Dolginskoye field
into two sections: Southern and Northern part of the Dolginskoye field. Such a
division has been done due to the fact of the complex geological conditions in this
field. These areas are very different. The difference can be found in the reservoir
properties and the oil and gas reserves.

The figure above shows that the fields of the Pechora Sea can be
geographically consolidated into two clusters.

The first cluster: Pomorskoye field, North-Gulyaevskoye, the northern part of
the Dolginskoye and southern part of the Dolginskoye fields.

The second cluster: Medynskoe-more and Varandey-more fields.
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Optionally, depending on the development conditions, the Prirazlomnoye
field can be attached to any of these clusters. Moreover, since the Prirazlomnoye
field is the only field at the stage of oil production, the infrastructure of this field can
be used as a production centre. As far as the issue of expanding the production
capacities of the Prirazlomnoye field is a complex task and is not the purpose of this
master thesis, the Prirazlomnoye field is not included in the consideration.

Figure 3.2 shows the layout of the field in the selected groups.

Pechora Sea
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Figure 3.2. Divided into groups fields of the Pechora Sea (the red area — cluster 1, the green are —
cluster 2):1 - Pomorskoye field; 2 - North-Gulyaevskoye field; 3 - the northern part of the Dolginskoye
field; 4 - southern part of the Dolginskoye field; 5 - Prirazlomnoye field; 6 - Medynskoe-more field; 7 —
Varandey-more field.

It should be noted that the first cluster includes gas-condensate and oil/gas-
condensate fields. It is necessary to develop two development schemes: the oil
production scheme and the gas production scheme. The development concept of the
first cluster of fields is considered in this work.

3.2. Fields’ cluster development concepts
Since both oil/gas-condensate and gas-condensate fields are presented in the

cluster, as well as since gas-condensate deposit is isolated from oil deposit in the
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North-Gulyaevskoye field, parallel design of the development concepts for the gas-

condensate part and the oil part should be done.

3.2.1. Development concepts of the gas-condensate cluster's part
As far as gas reserves in all three fields are small, there is no point in

developing these fields separately. Development in the cluster is the only way to
make a production of gas from these fields economically feasible. Since there is no
gas infrastructure in the region, the only option for developing gas condensate fields
in the Pechora Sea is to liquefy the produced gas. In the concepts below, there are
two options for installing a natural gas liquefaction plant.

Concept Nel:

Pechora Sea

3 ) Nothern part of Dolginskoye

Figure 3.3. Development concept of the gas-condensate cluster's part Ne/

The concept provides the following solutions:
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¢ Installation of a gravity-based platform for the LNG plant (approximate
water depth in the installation area is 20 m);
e Wellhead gravity-based platforms for gas and condensate extraction;
e Gas and condensate transportation to the platform through two-phase
pipelines:
o The approximate length of the pipeline from the Northern part of
the Dolginskoye field to the platform is 70 km;
o The approximate length of the pipeline from the North-
Gulyaevskoye field to the platform is 35 km;
o The approximate length of the pipeline from the Pomorskoye
field to the platform is 65 km;

e Condensate storage and offloading are carried out on the platform.

Concept 2:
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Figure 3.4. Development concept of the gas-condensate cluster's part /22

The concept provides for the following solutions:
o Installation of the FLNG close to the Northern part of the Dolginskoye

field (approximate depth in the installation area is 70 m);
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e Subsea production used for gas and condensate extraction;
e (as and condensate transportation to the platform through two-phase
pipelines:
o The approximate length of the pipeline from the Pomorskoye
field to the North-Gulyaevskoye field is 100 km;
o The approximate length of the pipeline from the North-
Gulyaevskoye field to the FLNG is 65 km;
o Production from the Pomorskoye field is mixed with production
from the North-Gulyaevskoye field and transport to the FLNG.
e Condensate storage and offloading are carried out on the FLNG vessel.

Concepts discussion

Concept 1 provides for the installation of an LNG plant on a gravity platform.
This solution is technically feasible; there is rich experience in using gravity-type
platforms in arctic conditions. Gravity-based platforms are considered resistant to
ice loads and, as experience confirms, are the optimal solution for the conditions of
the Arctic shelf. The water depth in the installation region allows designing a caisson
type platform, monocone and monopod platform [28]. However, it must be realized
that the topsides weight for an offshore LNG plant is indeed huge, possibly higher
than 50.000 tonnes.

The critical disadvantage of the decision to install the LNG plant on a
gravitational type platform is the immobility of such platforms. Considering the fact
that vast gas reserves are expected in various fields in the Pechora Sea (according to
some estimates, the reserves may contain up to 500-600 billion m?) [13], it could be
preferable to design a more mobile structure. So that after the development of the
North-Gulyaevskoye, Pomorskoye and Northern part of the Dolginskoye fields is
completed, it is possible to move the plant to another group of fields.

Moreover, the largest gas reserves are currently assumed in the North-West
license section. Placing a plant on this site will enable the connection of new fields

that can be discovered in the process of developing already discovered fields.
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Concept 2 involve the using of a floating LNG plant. Installing a floating
structure in ice conditions is a daunting task. Moreover, nowadays, there are no
implemented projects of the FLNG installation in comparable conditions. However,
active research and development of various concepts of Arctic LNG floating plants
are currently underway. Heavy ice-management will be necessary to keep the
floating plant stationary and, in some situations, it may be necessary to disconnect
the plant from the producing wells to avoid overstressing of risers. The second
concept also involves subsea systems implementation. It is necessary to test the
feasibility of using such technology, taking into account the ice conditions in the

Pechora Sea.

3.2.2. Development concepts of the cluster’s oil part:
In the fields group which is under consideration, the North-Gulyaevskoye

(geological reserves - 19 million tons) and Dolginskoye (geological reserves - 190
million tons) deposits have oil and gas potential. The centre of the oil development
complex will be the southern part of the Dolginskoye field. In this zone, it is
necessary to install a multifunctional ice-resistant platform. Also, since the
Dolginskoye field has an elongated shape and vast oil reserves, the installation of a
gravity-type satellite platform in the central part of the field is proposed. Oil
production at the North-Gulyaevskoye field can be implemented on a satellite
platform or using subsea production complexes, depending on the choice of concept

for gas production part of the complex.

Intermediate conclusion
Two concepts for the Dolginskoye, North-Gulyaevskoye and Pomorskoye

fields cluster development are formed.

The first concept involves the installation of wellhead platforms at the
Pomorskoye field, the North-Gulyaevskoye field, in the Northern and Central part
of the Dolginskoye field, as well as the installation of a multifunctional ice-resistant
platform in the Southern part of the Dolginskoye field.
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Figure 3.5. Development concept Mo/

The second concept involves the installation of subsea systems at the
Pomorskoye field, the North-Gulyaevskoye field and in the Northern part of the
Dolginskoye field, as well as the installation of a multifunctional ice-resistant
platform in the Southern part of the Dolginskoye field and the wellhead platform at
the central part of the Dolginskoye field.

Pechora Sea

Figure 3.6. Development concept N22
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3.3. Oil and gas production profiles

First of all, it is necessary to make an approximate estimation of the geological
and recoverable reserves of field. Based on this information, it will be possible to
decide on the required number of wells and build estimated production profiles. It
should be noted that the production profiles obtained in this way are exclusively
estimates. The construction of such profiles is necessary for the initial selection of
technological solutions for field development.

Due to the lack of data on condensate reserves, condensate is not estimated in
this work. However, given that all deposits are considered gas-condensate, the gas
pipeline should be designed as a two-phase gas pipeline.

Field reserves are presented in the table below. Due to the lack of sufficient
data for calculations for each field, oil and gas recovery factors (ORF and GRF)
were determined by the method of analogy based on the precise analysis of data,
including internal materials of Gazprom Neft company and information from the
website of the Norwegian Petroleum Directorate, which presents all the explored
fields in Norway [13, 29].

Table 3.1. Oil and Gas fields’ reserves

Dolginskoye North-Gulyaevskoye Pomorskoye
. ORF/ . ORF/ . ORF/
Geological GRF Recoverable | Geological GRE Recoverable | Geological GRF Recoverable
Qil (the
first 0.34 58.71 0.35 4.50
concept)
Oil(the | 0 13 - |~ -
second — — 0.29 3.78
concept)
Gas (the
first 0.80 72.06 0.79 40.82 0.77 15.42
concept)
Gas (the 90 52 20
second 0.73 66.04 0.75 38.87 0.75 14.99
concept)

Further, based on recoverable reserves data, it is necessary to estimate the

number of wells for each field. The decision on how many wells to drill for each
field was made based on a precise analysis of internal documents of Gazprom Neft

company and information from the website of the Norwegian Petroleum Directorate,
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which presents all the developed fields in Norway. An analogy with similar reserves
and geological conditions deposits was made [13, 29]. The information on the

number of wells in each field is presented below.

Table 3.2. Number of wells at each field

Oil wells 32
The Dolginskoye field Injection wells 16
Gas wells 12
Oil wells 2
The North-Gulyaevskoye field Injection wells 1
Gas wells 10
The Pomorskoye field Oil wells 6

The average oil flow rate of an oil well: 1450 t/day; average production rate
of a gas well: 2000 thousand m®/day (by analogy with the average production rate
of wells in fields with similar geological characteristics).

The production profiles for each field for two options: with gravity-type
platforms (well drilling from the platform simultaneously with production) and with
subsea production complexes (well construction before production using Jack-Up

drilling platforms) are presented below.
3.3.1. Production profiles at the Dolginskoye field

The oil production profile at the Dolginskoye field
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Figure 3.7. The oil production profile at the Dolginskoye field

The gas production profile at the Dolginskoye
field (the first concept)
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The gas production profile at the Dolginskoye
field (the second concept)
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Figure 3.8. The gas production profile at the Dolginskoye field
It can be observed from the figure above, the gas production profile when
using a subsea system (SPS) and the gravity type platform is different. In case of

using SPS, because of the well drilling in advance by using Jack-Up platforms,
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production at all wells is started simultaneously. On the gravity type platform, a
drilling rig is provided. This fact allows drilling wells, one after another. The drilling
speed of such construction is taken to be 2-3 wells per annum. The capacity of the
drilling rig makes it possible to drill 5-6 wells per annum; however, as experience
shows, due to various complications and the need for scheduled and unscheduled
well repairs, the actual drilling speed must be taken as 2-3 wells/year.

It should be mentioned that for the second concept (with SPS), due to intensive
production in the first years of development, the GRF at the field will be slightly less
than for the first concept (with gravity-type platforms).

3.3.2. Production profiles at the North-Gulyaevskoye field
Since the North-Gulyaevskoye field contains relatively low oil reserves and it

is planned to produce oil and gas from one platform/one subsea production system,

the profile of oil and gas production must be presented in one figure.

The oil and gas production profile at the North-
Gulyaevskoye field (the first concept)
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Oil production per annum, min. tons
/Gas production per annum, bln m3

The oil and gas production profile at the North-
Gulyaevskoye field (the second concept)
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Figure 3.9. The oil and gas production profiles at the North-Gulyaevskoye field

As it can be observed from the figure above, the production in the oil part will

be started at the 6-the year of the field development.

3.3.3. Production profiles at the Pomorskoye field
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The gas production profile at the
Pomorskoye field (the second concept)
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Figure 3.10. Production profiles at the Pomorskoye field
3.3.4. Total oil and gas production profiles
Two concepts are taken into account:
e The first concept with gravity-based platforms implementation;
e The second concept with subsea production systems implementation.
During the joint production profile building, special attention should be paid
to the maximum annual gas production, since in case of the maximum annual
production exceeds 9.52 billion m* (7 million tons of LNG) [30], the LNG plant's
production capacity will be insufficient.
For a smoother production profile and to prevent too high annual production
values, it is necessary to put fields into exploitation sequentially. Below is
information on the fields’ lifetime:

Year

DOLGINSKOYE FIELD

[ [ [ [ 1 [ [ | [ |
POMORSKOYE FIELD

N I A
NORTH-GULYAEVSKOYE FIELD

Figure 3.11. Fields lifetime
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The total oil production profiles for the two concepts are presented below:

Oil production per annum, min tons

The total oil production profile (the first concept)
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The total oil production profile (the second concept)
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Figure 3.12. Total oil production profiles

The total gas production profiles for the two concepts are presented below:
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The total gas production profile (the first concept)
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Figure 3.13. Total gas production profiles

Intermediate conclusions
The summary table on the maximum annual oil/gas production in the fields is

presented below. This information is needed to evaluate the performance of the LNG
plant and for the logistic suggestions.
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Table 3.3 Summary table on the maximum annual oil/gas production

Dolginskoye | North-Gulyaevskoye | Pomorskoye | Total
Oil (the first concept), 410 0.95 410
min tons/annum ' ' '
Oil (the second —
concept), — 1.06 4.10
mln tons/annum
Gas (the first concept), 379 3.47 505 8.96
bln m3/annum ' ' ' '
Gas (the second
concept), 8.76 6.57 4.38 9.01

bln m3/annum
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4. Design of the infrastructure in the cluster

4.1. Gravity-based platforms
4.1.1. Gravity-based platform variety:
Bellendir and Toropov presented in their report [28] possible types of arctic

platform substructures for the installation in shallow areas. According to the report,
these types of substructures are caisson type, monopod, monocone, multi-column
and truss type structures. However, application of the truss-type substructure is
limited by ice conditions. Truss-type substructures are not applicable in the
multilayer ice conditions. It should be noted that the Pechora Sea is characterized by
the existence of a small amount of multilayer ice [27].

Moreover, the Pechora Sea is characterized by intense ice drift. Under such
conditions, there is a risk of ice accumulation in the grating spaces, which will lead
to ice loads increasing, and will also lead to the support vessels approach limitation.
This problem also occurs on platforms with a multi-column substructure. The
problem of ice accumulation between columns is a complex issue that needs to be
seriously studied and analyzed.

Taking into account all of these arguments, truss-type and multi-column
platforms are not considered in the Thesis.

The substructure types description in a table view are presented below:

Table 4.1. Type of ice-resistant platforms

Water

Type of structure depth

Loading specific features

The wall is almost vertical (angle a with the horizon
Less | > 60°). Extreme global ice load (4+5 MN per one linear
Caisson than 30 | meter) exceeds wave load. The effect of ice and wave
m impacts on soil foundation is comparable due to wave
dynamic effect.

Up to 50 | The wall is inclined 45°> & >60 °. The values of

Monopod
m extreme global and wave loads are comparable.
Due to slamming, the integrated deck must be
Monocone Up to 50 | considerably elevated above MSL.
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For a reasonable substructure type choice for each platform of the cluster, it
IS necessary to clarify the installation water depth for each platform. Summary table
showing the depths is presented below.

Table 4.2. Fields summary

Platform Field Water depth
DS The southern part of the Dolginskoye field 25 m
DC The central part of the Dolginskoye field 40m
DN The northern part of the Dolginskoye field 45m
SG Severo-Gulyaevskoye field 25 m

P Pomorskoye field 25 m

Platforms with a caisson type substructure have a water depth limitation of 30
m. Hence, it is not possible to use caisson-type GBS for DC and DN platforms. In
order to make the design and construction of platforms easier, it is preferable for the
platforms of the same purpose to use platforms of the same type (N.B.: all the
limiting conditions in each location must be taken into account). Thus, for satellite
platforms, it is proposed to consider two single-support substructure types: monopod
and monocone. For the DS platform, it is proposed to consider a platform with a
caisson type substructure. This is due to the need for large oil storage for extracted

products.

4.1.2. Design of the caisson type substructure:
Similar to the Prirazlomnaya platform, the size of the caisson for the DS

platform will be 102x102x40.5 m.

An ice deflector is installed at the Prirazlomnaya platform. It is necessary to
compare the loads that occur with the vertical walls of the caisson with the loads that
occur when the ice deflector is installed. Also, it is necessary to determine the
optimal angle of inclination of the deflector.

When the ice deflector is installed, the cross-section of the caisson at the sea
level will be increased. The calculated data on the change in the side length of the
caisson due to the deflector with different angles is presented below (the deflector

rises above mean sea level by 4.3 m):
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Table 4.3.Cross-section changing

Inclination, Projected area
angle
30 116.90
35 114.28
45 110.60
50 109.22
55 108.02
60 106.97

4.1.3. Design of the monopod and monocone substructures:
An example of DC platform design is presented below:

Design of the monopod substructure:

A schematic representation of a platform with a monopod substructure is
presented below. [31].

1
o ! 4

¥ < :
R T A A i,

_ T~ — [—

N

g

Figure 4.1. Monopod platform: 1 — top structure; 2 — column; 3 — support base; 4 — foundation
[31].

Dimensional characteristics of the DC platform in case of monopod platform
implementation:
e A=102m;
e hp=20m;
e |=35m;
e H=50m;
e d=21m.
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Design of the monocone substructure:

A schematic representation of a platform with a monocone substructure is

presented below.

Figure 4.2. Monocone platform: 1 —top structure; 2 — column; 3 — cone; 4 — foundation.

Dimensional characteristics of the DC platform in case of monopod platform

MWLL

implementation:

To determine the optimum angle of inclination of the cone, it is necessary to
compare the loads acting on the structure with different angles of the cone

inclination. The table below shows the estimated cone diameter at the bottom and

Foundation diameter — 125 m;

2

4

Foundation height — 5 m;

Column diameter — 21 m;

Column height — 15 m;
Cone height — 45 w;

Cone height above the mean water level — 5 m;

Cone diameter in the top — 21 m.

cone diameter at mean sea level.

Table 4.4. Cross-section changing

Cone
inclination, Cone bottom diameter, m | Mean sea level cone diameter, m
angles
45 121 31
50 104.91 29.39
60 78.74 26.77
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Wave loads

Theory [32, 33]:

In order to estimate wave loads, it is necessary to compute wave velocity and
acceleration. Velocity can be expressed by the potential function ¢ = @(x,y, z, t).
The partial derivatives of this function with respect to the directions will be equal to

the velocities in these directions:
V<p=—l+—]+—zk=L_l (4.1)

9 . .
where % = u — velocity in x-direction;

o

5y VT velocity in y-direction;

9¢
0z

= w — velocity in z-direction;

U — velocity vector.

In order to solve such equation, some assumptions should be made:
e Irrotational flow;

e Incompressible fluid.

Taking into account the assumptions presented above, eq (4.1) could be

transformed:
v U_():)E)u_l_av_l_aw :6 (au)+a(6v)+0<E)W)_o 4.2)
B dx dy 0z  0dx \dx/ ody\dy) 0dz\dz/) '
0%p 0%¢p 0%
= 4.3
:)ax2+6y2+6zz 0 (4.3)
= Vip=0 (4.4)

Hence, the Laplace equation has been obtained (4.4).
For the preliminary assessment of wave loads, it is sufficient to use the 2D
model of wave propagation. Then the Laplace equation takes the following form:
0’  9%p
—+—L=0 (4.5)
0x?  0z?
We need these to understand the movement of the water particles in the sea,

and not just the waves but also the forces of the waves in the sea. Derivation of this
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equation concerning direction will give us the properties of flow below the wave
such as horizontal velocity, horizontal acceleration, vertical velocity, vertical
acceleration, and so on.

In order to solve the Laplace equation, we will need boundary conditions, and
also, we need to choose wave theory. The most common theories:

e Linear theory;

e 2-nd, 3-rd, 4-th u 5-th order Stoke's theory;
e Cnoidal theory;

e Standing wave theory.

In this Thesis, linear theory is applied. Such a theory is the most
straightforward and most applicable. This theory is based on the assumption that the
wave height is considered relatively small compared to the wave length. Therefore,
when evaluating the boundary conditions, we can equate the wave height in the crest
to the z = 0 level. Waves, in this case, have a sinusoidal form.

It is obvious that in real conditions it is almost impossible to meet sinusoidal
waves (only swell in some cases). Waves in real conditions are irregular waves and
consist of the sum of many sinusoidal waves in different phases and amplitudes. The
analysis of such waves is carried out by Fourier analysis.

However, it is enough for a preliminary assessment to use linear theory.

Boundary conditions for the linear system:

d¢p
0z

e Bottom boundary condition (BBC): = 0;

z=—d

xX=a

e Wall boundary condition (WBC): ‘;—;’Z

o 0% o9 _
e Surface boundary condition: Sz t95, =0 for z=0.

By using boundary conditions eq. (4.5) the surface profile equation can be
derived from the potential function:

_ $og coshk(z+d)

w  cosh(kd) cos(wt — kx) (4.6)

o(x,z,t)
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=_— (4.7)

coshk(z+d) .
§ =% cosh(kd) sin(wt — kx) (4.8)

where &, — amplitude, m;
w — wave frequency, 1/s;
t—time, s;
k — constant, wave number, 1/m;
d — water depth;
X — a point at the horizontal axis.

Wave frequency can be obtained by the following:

2T
_ 4.9
w = T (4.9)

where T — wave period, s.

Wave number can be computed by the following iteration scheme:

No [a—g—k:b—tanhka’. ‘

!

<>

Yes
End

Figure 4.3. Iteration block-scheme

Wave length can be obtained by the following:
2
_9 4.10
L > I'“tanh(kd) (4.10)

Horizontal velocity can be obtained by the following:
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Horizontal acceleration:
. Odu coshk(z+d)
Yo T $0g cosh(kd)

Structures size classification:

cos(wt — kx) (4.12)

During the wave loads estimation, it is necessary to introduce structures size

classification:

e Small bodies: % <0.2;

e Large bodies: % > 0.2.

where D — diameter of the body, m;
L —wave length, m.

Wave load at the small structures:

The wave load on small bodies consists of two components: mass force and
drag force. The wave load on small bodies at a specific depth can be calculated
according to the Morison formula (an example is given for a cylinder, this formula

can be used by analogy to calculate other forms, i.e. cube):
DZ

T 1
f@zt)=fut+fp= 4 pCyt + EPCDDulul (4.13)

where f;, —mass force, N;
fp —drag force, N;
Cy — mass force;
Cp — drag force;
p — water density, kg/m?.
Total wave load can be computed by the following equation:
surface 3 3
F(t) = f  flandz= f Fulz, )z + f ol iz (4.14)

Keulegan—Carpenter number:
uyT
Ny = % (4.15)
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where u, —amplitude of the wave velocity, that is, the biggest water particle velocity
under a wave crest, m/s.
Keulegan—Carpenter number is necessary for the dominating force
determination:
e Ngc <5, then inertia dominates;
e 5 < Ng < 30 there is both drag and inertia;
e Ngc = 30, drag dominates.
Cp_and Cy constants determination:
According to NORSOK N-003 standard [34], constants can be obtained by
the following:

C. — { 1.05 — rough cylinder
D 710.65 — smooth cylinder

(4.16)
C. — { 1.2 — rough cylinder
M ™ 1.6 — smooth cylinder
Wave loads on the large structures:
Wave loads on the large structures can be obtained by the following:
nD?
f= - pChit (4.17)

where Cy is a complex mathematical term depending on the ratio D/L.
It can be determined from the picture below.

Cu 4

2 _ Reduction

14
Morison 4/

formula ' } } >
02 04 06 08

D
L

Figure 4.4. Plot for the Ci, determination [32]
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Initial data for calculations:

Table 4.5. Initial data for calculations

Substructure Cross- Projected Water Hmax, | Tmax,
Platform ; depth,
type Section area, m m m S
102
116.9
114.28
DS Caisson Square 110.6 25 12.2 11.2
109.22
108.02
106.97
Monopod Circle 21
31
DC Monocone Circle 29.39 40 131 114
26.77
Monopod Circle 19
29
DN Monocone Circle 27.39 45 132 114
24.77
Monopod Circle 19
29
. 2 12.2 11.2
SG Monocone Circle 27.39 >
24.77
Monopod Circle 19
29
P Monocone Circle 27.39 25 122 112
24.77
Wave loads calculations:
Table 4.6. Preliminary calculations
Water o, K, Substructure . Water
Platform depth, m Hmax, M [Tmax, S 1s | Um L,m type D/L Size d/L classification
Caisson 0.69 Large
0.79 Large
0.78 Large
DS 25 122 | 11.2 |0.56| 0.039 | 147.1 | Caisson with | 0.75 Large 0.17 |Intermediate depth
deflector | .74 Large
0.73 Large
0.73 Large
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Continuation of Table 4.6.

Platform Water Hmax,meaX’ o, 1/s K, L,m Substructure D/L Size d/L V\_/a}ter_
depth, m S 1/m type classification
Monopod | 0.12 Small
0.18 Small
DC 40 13.1 | 11.4 [0.55|0.0326| 175.1 0.23 |Intermediate depth
Monocone |0.17 | Small
0.15 Small
Monopod |0.10| Small
0.16 Small
DN 45 13.2 | 11.4 |0.55|0.0326| 182.4 0.25 |Intermediate depth
Monocone |0.15| Small
0.14 Small
Monopod | 0.13 Small
0.20 Large .
SG 25 122 | 112 | 56 | 0.039 | 147.1 0.17 |Intermediate depth
Monocone | 0.19 Small
0.17 Small
Monopod | 0.13 Small
0.20 Large .
P 25 122 | 112 | 56 | 0.039 | 147.1 0.17 |Intermediate depth
Monocone | 0.19 Small
0.17 Small

In Table 4.6, preliminary calculations are given, based on which a further
calculation plan is compiled.

Hence, the Morison equation can be applied in almost all cases for the
platforms DC, DN, SG and P. For the DS platform, SG platform (with monocone
substructure, cone angle — 45° and 50°) and P platform (with monocone substructure,
the angle of the cone —45°) it is necessary to use equation (3.17). For all platforms,
the depth is intermediate. If for some of the platforms, the depth would be shallow
or deep, this would simplify the equations for calculating the loads.

Since caisson is a large structure and caisson has a square cross-section, it is
necessary to introduce equation of the wave loads for caisson:

f =a?pCyu (4.18)
where a — caisson length.

Cwm constant can be found by using Figure 4.4; acceleration can be found by

using eq. (4.12).
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Table 4.7. Calculation results

Max.
Object Amprl:}tude, o, 1/s |k, 1/m| L,m Substt;;:ture Size Mi);ezgr';c}gtal a?gerlgl?ar'l}g:], Nkc DOTO'?(gmg Projected area, m | Cy | Cd E/Tlil Inﬂég?tefn’
m/c?
Large
Caisson 102 0.45 215.63| Vertical wall
Large 116.90 0.35 220.29 30
Large 114.28 0.36 216.54 35
DS 6.1 0.56 | 0.039 [147.06 ca _ Large 5.02 2.33 - Mass 110,60 037~ 20848 e
aisson with . . .
deflector Large 109.22 0.39 214.27 50
Large 108.02 0.41 220.34 55
Large 106.97 0.41 216.08 60
Small Mass
Monopod 2.49 21.00 23.62 | Vertical wall
DC 6.55 0.55 |0.0326|175.05 Small 458 2.09 1.68 Mass 31.00 1.2 |1.05| 51.47 45
Monocone Small 1.78 Mass 29.39 46.26 50
Small 1.95 Mass 26.77 38.38 60
Monopod Small 2.80 Mass 19.00 20.30 | Vertical wall
Small 1.84 Mass 29.00 47.29 45
DN 6.6 0.55 |0.0326(182.41) \\ Small 4.67 2.11 194 Mass 2739 121105 oo 50
Small 2.27 Mass 2477 34.50 60
Monopod Small 2.96 Mass 19.00 1.2 15.67 | Vertical wall
Large - Mass 29.00 1.8 54.76 45
SG 6.1 56 1 0.039147.06 Monocone Small 5.02 2.33 2.05 Mass 27.39 1.6 1.05 32.57 50
Small 2.27 Mass 24.77 1.2 26.63 60
Monopod Small 2.96 Mass 19.00 1.2 15.67 | Vertical wall
Large - Mass 29.00 1.8 54.76 45
P 6.1 56 |0.0391147.06) \1nicone Small 5.02 2.33 2.05 Mass 27.39 12 2053257 50
Small 2.27 Mass 2477 1.2 26.63 60
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During the analysis of the results, the following conclusions have been made:

e The minimum wave load on the caisson type base is observed at an

inclination angle of the deflector equal 45°. The maximum load is
observed at an inclination angle of 55°.

e The loads on the caisson-type substructure are significantly higher than
the loads on the single-support type. However, since the mass of the
caisson is very big, and the strength is high, this design is applicable,
reliable, and is popular on the Russian Arctic shelf (including the shelf
of Sakhalin Island).

e For single-support substructures, the minimum wave load is observed
at a monopod (vertical wall), the maximum load is observed at the
monocone with an inclination angle of 30°.

e With depth increasing, loads increase. However, an important point is
the fact that structures that were small at deep water and were
considered according to the Morison equation are taken large at a
shallower depth and are considered according to formula (4.17). In this
case, wave loads at a shallower depth may be higher than wave loads at

a deeper depth.

4.1.4. 1ce loads

Theory:
There are many methods for ice loads on a structure calculation. All of these

methods are based on the determination of the minimum load at which ice will break
under given conditions.

The action generated as a result of the ice floe impact against a structure
depends on the mass, initial velocity and properties of the ice feature as well as on
the environmental conditions and the structure's form and size. Different scenarios
of interaction have to be considered.

The generally recognized scenarios are:

e |imit stress;

61



¢ |imit momentum;
e |imit force;
e splitting.

Each of them corresponds to the situation when one of the parameters reaches
the utmost value. These dominant variables should be treated probabilistically,
where this is appropriate.

The Pechora Sea is characterized by a high concentration of ice. For high ice
concentrations, the most appropriate way to assess ice loads is to use limiting force.

Ice loads are highly dependent on the wall profile. So, if the wall of the
structure is inclined, the ice is destroyed due to bending. In the case of a vertical wall
—the ice is crushing, under the influence of compression forces. Since ice has a lower
bending strength than a compressive strength, ice loads on vertical walls are much
higher than loads on inclined walls. This fact will be checked in the calculations
below [35].

Figure 4.5. Destruction of ice on vertical and inclined walls [36]
Equations for ice loads on structures with vertical and inclined walls
estimation are presented below.

Vertical wall:

There are several schemes for global loads on vertical walls calculations. Two
equations are considered below: the Korzhavin equation and the equation presented
in International Standard 1SO 19906.
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Korzhavin equation [35]:

F =I1Kmo.Dh (4.19)
where I — indentation factor, takes into account the crystallographic structure of the
ice, its properties, the correlation between the structure's diameter and the ice
thickness (aspect ratio), the influence of the stress/strain field on strength
(confinement). Depending on the different factors (aspect ratio, strain rate) and the
internal ice structure (granular or columnar ice), the factor | varies between 3 and
4.5 for columnar ice, and 1.2—-2.97 for granular ice.

K — contact factor, takes into account the imperfect contact between the ice
sheet and the structure. It may be in the range of 0.3—1. Recommend the product IK
= 0.45-0.55.

m — structure’s in-plane shape factor. It varies in narrow limits between 0.9-1
where 0.9 corresponds to a cylinder and 1.0 to a flat contact surface.

D — diameter of the structure;

o. — unconfined compressive strength of ice;

h — ice thickness.

The indentation factor I can be computed by the following [37]:

/ h
I (4.20)
I= [55+1

According to the equation presented in International Standard I1SO 19906,
global ice load can be computed by the following [36]:
F, =pc-An
where p; — is the ice pressure averaged over the nominal contact area associated with
the global action;
Ay = h - w —is the nominal contact area;
w — width (diameter) of the structure.

The global ice pressure can be computed by the following:

m

e = Cr [(hﬁ) () + fAR] (4.21)
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rae hy, — reference thickness of 1 m;

Cy — ice strength coefficient;

n — an empirical coefficient, equal to—0.5 + h/5 for h <1 m, and —0,3 for
h>1m;

m — an empirical coefficient equal to —0,16;

far — an empirical term is given by:

w h
= - — (4.22)
far = €xp 3h 1+5 ”

According to the International Standard 1SO 199006, ice strength coefficient

can be chosen from the following table:

Table 4.8. Regional values for ice strength coefficient [36]

Cr Region
2.8 Arctic FY and MY ice
2.4 | Subarctic (e.g. Okhotsk Sea — off northeast Sakhalin Island)

1.8 | Temperate (e.g. Okhotsk Sea — Aniva Bay, North Caspian
Sea, Cook Inlet, Baltic Sea, Bohai Sea)

The Korzhavin equation looks attractive since it is quite simple, but the great
disadvantage of this equation is the fact that it is less accurate than the equation
(4.21) [38].

Hence, equation (4.22) will be used to estimate ice loads.

Inclined wall

In the case when the ice field is in contact with inclined walls, as mentioned
above, ice is destroyed due to bending forces.

Croasdale proposed a two-dimensional loading model on a plane slope. The
model is based on analysis of a semi-infinite elastic beam on an elastic foundation.
It also considers the force required to push broken ice blocks up the inclined slope.
The equation for the horizontal component of the load was written in the form:

pwgh®

E

0.25
FﬁzQDq( > + C,Dh,hp;g (4.23)
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where C, and C, — coefficients depending on the slope inclination and the coefficient
of the dynamic ice friction over the structure surface (u),;

E —Young's modulus of ice;

h,. — height of rubble on the structure's slope;

pw U p; —water and ice densities;

g — acceleration due to gravity;

The coefficients C; and C; are given by:

C; = 0.68&, /&, (4.24)
C2 = §1(1/$2 + cota) (4.25)
where
¢ =sina + ucosa (4.26)
&, =cosa—pusina (4.27)

where a — wall inclination;

Later this method was modified by Croasdale and Cammaert into a 3D model
[35, 36, 39]. This comprehensive solution takes into account many additional factors
that influence the process.

The horizontal component of the total action Fy is presented as:

o _FatFp+ Fet F+ Fr
H= T (4.28)
O'chh

2
where L. — total circumferential crack length: L. = w + HT g

Eh3 0-25 . . .
l. = (—2) — the characteristic length of an ice beam on an elastic
12pyg(1-v?)
foundation;
v — Poisson's ratio is taken equal to 0,2;

F — the force which is needed to break the ice sheet by flexure is given by:

w5\ 025
Fs = 0.680;L, <p WE ) (4.29)
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Wheref _ sina+uscosa

cosa—pugsina’

Ug — ice-to-ice friction coefficient;

or — flexural strength of the ice sheet;

Fp — the force needed to push the ice sheet through the rubble built up on the
surface of the ice sheet is given by:

tan 6\ > 1
S ~ (4.30)
Fp = whippig(1—e) (1 tana) <2tan9>

where h, — rubble height;
u; — the ice-structure friction coefficient is taken equal to 0.3;
e — porosity of the ice rubble, is taken equal to 0.4;
6 — angle the rubble makes with the horizontal,
F, —the additional force necessary to lift and shear the ice rubble on top of the
sloping surface before it can be pushed up to fail in bending is given by:
F, = 0.5wh?p;g(1 — e)&[(cot — cota)(1 — tan  cot ) (4.31)
+ tan @ (1 — tan 8 cota)?] + écwh,. (1 — tan 6 cot )
where ¢ — cohesion of the ice rubble, is taken equal to 4 kPa;
@ — friction angle of the ice rubble.
Fr — The force to push these ice blocks up the slope through the ice rubble is
given by:

gh
Fp=— P9 p (4.32)
cosa — U;sia

sina tan 8 sina + pucosa
— . - (2= — 4.33
P =050k + )1 = e)h, (‘ul (tan g~ a) (1 tan a) +h sina ) (4:33)

F; — the force required to turn the blocks may read given by:

cos a
Fr = 1.5wh?p; .
T W ’Dlgsina—ucosa (4.34)

Vertical and total ice loads on the structure can be computed by the following:

Fy = — (4.35)
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Fipr = /FVZ + F3

Initial data for the calculations:

(4.36)

The initial data for the calculations is presented in the table below. Data on

the maximum ice thickness and ultimate unconfined compressive strength of the ice

was taken following the textbook of O.T. Gudmestad, A.B. Zolotukhin, and others

[5].

The bending strength can be calculated following the Russian standard SNiP
2.06.04-82 * "Loads and effects on hydraulic structures" [40]:

Table 4.9. Initial data for the calculations

or = 0.4 - o, (4.37)
Parameter Value Units
h 2.5 m
n -0.3 -
-0.16 -
CR 2.8 MPa
E 8700 MPa
Pw 1025 kg/m?
Pi 900 kg/m3
g 9.81 m/c?
or 2.1 MPa
of 0.84 MPa
e 0.4 —
6 42 °
7 45 °
C 4 kPa
Us 0.2 -
M 0.3 -

Calculation results:

The results of ice loads calculations on vertical and inclined walls are

presented in Table 4.10:
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Table 4.10. The results of ice loads calculations

Platform inc\lli\ﬂtlion Structure width, m I\F/IHN I\IjIVN II\:/tI(KI

Vertical 102 — 308.34

30 116.90 184.80 | 190.19 | 265.19

35 114.28 149.30 | 132.68 | 199.73

DS 45 110.60 154.26 | 102.84 | 185.40
50 109.22 186.08 | 106.96 | 214.64

55 108.02 240.46 | 118.15 | 267.92

60 106.97 327.88 | 135.76 | 354.87

Vertical 21.00 — 94.00

45 31.00 48.70 | 32.47 | 58.53

DC 50 29.39 56.55 | 32.51 | 65.23
60 26.77 91.46 | 37.87 | 99.00

Vertical 19.00 — 87.58

45 29.00 46.05 | 30.70 | 55.34

DS 50 27.39 53.31 | 30.64 | 61.49
60 24.77 85.58 | 35.44 | 92.63

Vertical 19.00 — 87.58

45 29.00 38.62 | 25.75 | 29.00

SG 50 27.39 48.21 | 27.71 | 27.39
60 24.77 83.16 | 34.44 | 24.77

Vertical 19.00 — 87.58

45 29.00 38.62 | 25.75 | 55.34

P 50 27.39 48.21 | 27.71 | 61.49
60 24.77 83.16 | 34.44 | 92.63

By analyzing Table 4.10, it can be observed that the maximum loads occur
with an angle of inclination of 60° (inclined wall). The minimum loads are observed
with an angle of inclination of 45° (inclined wall). It should be noted that the
minimum and maximum loads are very different. Thus, when using platforms with
a wall angle of 45°, loads can be reduced by up to 52% (in the case of a caisson-type

platform).

4.1.5. Intermediate conclusions:
A summary table with the calculated wave and ice loads is presented below:
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Table 4.11. Environmental loads summary table

L F, MN
Platform Wall inclination Wave loads Ice loads
Vertical 215.63 308.34
30 220.29 265.19
35 216.54 199.73
DS 45 208.46 185.40
50 214.27 214.64
55 220.34 267.92
60 216.08 354.87
Vertical 23.62 94.00
45 51.47 58.53
bC 50 46.26 65.23
60 38.38 99.00
Vertical 20.30 87.58
DS 45 47.29 55.34
50 42.18 61.49
60 34.50 92.63
Vertical 15.67 87.58
G 45 54.76 55.34
50 32.57 61.49
60 26.63 92.63
Vertical 15.67 87.58
P 45 54.76 55.34
50 32.57 61.49
60 26.63 92.63

During the analysis of the obtained results, it can be observed that ice loads in
the Pechora Sea are dominant in most cases. Hence, it is necessary to choose a
platform design in which ice loads can be minimized. Although at an angle of
inclination of the platform wall of 45°, wave loads in most cases are maximum, ice

loads are minimal. With this design, waves and ice introduce approximately the same

action on the platform.

A table with the final choice of foundation for each gravity-based platform is

presented below:
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Table 4.12. Platform type choosing

Platform Type of the Wall F, MN

platform inclination | Wave loads Ice loads

DS Caisson 45 208.46 185.40

DC Monocone 45 51.47 58.53

DN Monocone 45 47.29 55.34

SG Monocone 45 54.76 55.34

P Monocone 45 54.76 55.34

4.2. LNG plant

4.2.1. Brief technologies and world experience overview:
Liquefied natural gas (LNG) is natural gas in liquid form, which is obtained

by cooling and condensing of natural gas.

According to experts, LNG is preferable to pipeline gas according to
economic and environmental indicators. However, it should be mentioned that the
economic advantage of LNG is achieved in the case of LNG transportation over long
distances.

During liquefaction, its volume decreases 600 times. Another advantage of
LNG is its flexibility in terms of product delivery to consumers. Unlike piped gas,
LNG can be delivered to different markets at different times. There is always the
possibility of revising the supply chain, its expansion or re-profiling. It should also
be noted that gas fields with vast reserves are often located too far from the market
or in regions with no infrastructure (for example, the Pechora and Barents Seas, the
Nenets Autonomous Okrug), in such a case, liquefying of natural gas is the only
possible way to obtain some production from such fields. Another one advantage of
the LNG is that natural gas in liquified form is not a flammable and non-toxic
product. Such a strong environmental advantage significantly increases the value of
LNG. However, it must be mentioned that under atmospheric conditions, LNG is
converted into natural gas, which is both toxic and explosive/fire hazardous. In
connection with this fact, it becomes evident that, despite the relative safety of LNG,

the leakage of LNG is inappropriate.
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LNG should be stored under slight over-pressure and at a temperature of
approximately -161° in special containers with thermal insulation.

Nowadays, LNG is imported by more than 30 countries with the appropriate
infrastructure. The leading LNG importers in the European zone are Spain, the UK
and France. Spain in terms of imported LNG ranks third in the world after Japan and
South Korea. Russia is currently in the top ten LNG exporting countries. Today, the
LNG market is rapidly transforming from a narrow-profile direction of several
regional markets into a huge developing industry, which in the future may come first
in supplying the world gas market.

Currently, natural gas liquefaction plants are mainly installed on land (for
example, the LNG plant as a part of the Sakhalin-2 project). However, it has already
been proven that floating land plants are a real alternative to onshore LNG plants. A
critical advantage of floating plants is that such plants can be easily liquidated or
relocated after depletion of the field-natural gas provider reserves.

In Russia, LNG is produced only from onshore plants. However, NOVATEK
is already developing a new LNG-2 project that focuses on the use of LNG plant on
a floating basis. A similar approach was adopted in the Pechora LNG project, which
was implemented by Rosneft. Unfortunately, the Pechora LNG project has been
suspended for political and economic reasons. Despite the great work done, it is not
yet known when this project will be implemented.

The concept of LNG production during the development of offshore gas and
gas-condensate fields can be realized through the use of floating LNG plants
(FLNG).

FLNG is a technological vessel that interfaces with wells/gas pipelines, is
equipped with:

e agas treatment system,
e agas liquefaction plant,
e an LNG and condensate storage facility,

e an offloading system.
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The advantages of FLNG include relatively short construction periods and the

possibility of their use at other points, which makes it possible to distribute their cost

between several projects.

These advantages are especially relevant for the conditions of the Pechora Sea

since the Pechora Sea has vast potential gas reserves. Currently, one oil and gas

condensate and two gas condensate fields have been discovered [41, 42, 43].

A table with the already started FLNG projects is presented below.
Table 4.13. Ongoing FLNG at the moment [42, 41]

LNG FLNG
Name of the project Project status | performance, | Operator d|/men3|ons Shipyard qul;efalctlon
mln tons/annum storage technology
capacity
3,6 488x74x43| Samsung, DMR
Started at 2019 «Shell» /220 Korea («Shelly)
«Petronasy | 365x60x33| Daewoo Nitrogen
Started at 2016 1,2 1177 Korea ’ expansion
(AP-NTM)
The first
FLNG 24 «LNG [294x62,6/| Keppel, Z‘f];ifl?é;
converted from ’ Golar» 125 Singapore Veatch»)
a gas carrier
First FLNG - L6 B 140x32x20|  Wison, Z‘P]ilcféz
dumb barge ' «hxmar /0.55 China «prac
Veatchy)
«Caribbean FLNG»

It should be noted that all already built factories were built for conditions in

which there is no ice; hence, it is impossible to use only the experience of such

projects.
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The current project information for offshore LNG projects in Russia is

presented below [42, 44, 45]:
Table 4.14. Russian offshore LNG Projects

LNG
Project Operator performance, Resour_ce Project status . Planned
min potential infrastructure
tons/annum
_ G?/Sggsllatjn?gﬂfa Final_ I_nvestment _
Arctic Novatek 19.8 vamalo-Nenets Decision (FID) Gravity-based
LNG-2 made in platform
Autonomous September 2019
Area P
Kumzhinskoye
and
Korovinskoye
fields of the
Nenets Project suspended L
Pechora- Rosneft/Altech 43 Autonomous for political Gr?:t:,_tg”?]ag?d
LNG ' Okrug reasons P
> . - FLNG
(geological indefinitely
reserves — 165
billion m®and 5.6
million tons of
condensate)
Rosneft Based on the
- n/d resource base of | Feasibility study n/d
VNIPIneft
the Company
Pipeline Gas /
- Lloyds Energy 2,5 Far East n/d Dumb barges

The objectives of the Pechora LNG project are very similar to the task of this

Master's Thesis:

e The Kumzhinskoye and Korovinskoye fields are also located in the

Timan-Pechora oil and gas province.

e The total gas reserves of the Dolginskoye, Pomorskoye and North-

Gulyaevskoye fields are close to the total

Kumzhinskoye and Korovinskoye fields.

reserves of the

e The marine conditions for the LNG plant installation are the same as

the conditions discussed in this dissertation.

Hence, the only difference, in terms of design conditions, is the depth of the

sea. The depth at the plant installation site according to the Pechora LNG project is

19 m. At the plant installation site, according to the materials of this Master's Thesis,

73



the depth is approximately 70 m (for the second concept) and 20 m (for the first
concept).

While the installation of a floating plant is not possible for the Pechora LNG
project (only the installation of a gravity-type platform is possible), for higher depths
the possibility of installing floating plants opens up. However, during the pre-design
work on the Pechora-LNG project, the option of a floating LNG plant was also
considered.

During the LNG plant design choosing, an analogy with pre-design materials
of the Pechora-LNG project was made (including the issues of LNG storage and

holding the plant in place system features) [42].

4.2.2. LNG plant design
The required volumes of LNG storage are 260-270 thousand m3, condensate

30-60 thousand m?. Space is also needed for storing diesel fuel, refrigerants, sea
water, etc.

The right decision is to design the storage in the lower part of the structure.
Taking into account the required storage volumes, two types of plant construction
can be applied: the ship's hull shape and buoy hull shape.

Type 1:

Figure 4.6. Ship's hull shape. Dimensions: 300x100x40 m [42]
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Demonstrative examples of such shape are the Prelude, PFLNG1 Satu, Hilli
Episeyo, Caribbean FLNG plants (see Table 4.13). Obviously, in the case of using a
ship's hull shape, it is necessary to strengthen the hull and apply an advanced and
reliable positioning system. Even taking into account amplification and a reliable
positioning system, this form may not be reliable under the conditions of the Pechora
Sea, since the direction of ice drift is unstable.

Type 2:

Figure 4.7. The buoy hull shape. Dimensions: 140x46 m [42]
A striking example of a buoy hull shapes the projects of the company "Sevan
SSP". A successful project to implement such design is the FPSO Goliat, launched

in 2016 in the Norwegian part of the Barents Sea.

Figure 4.8. FPSO Goliat [46]
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This platform is installed in the ice-free part of the Barents Sea, and therefore
the vertical walls of the platform are a right solution.
In order to install such type of platform in the ice conditions of the Pechora
Sea, a structure with a walls inclination of approximately 45° and with an enhanced
positioning system is required.
Sevan SSP is currently developing a floating LNG plant. The company
identifies the following benefits of using such technology [47]:
e No need for Turret/Swivel;
e Capex and Opex savings;
e Low Complexity;
e Large deck area capacity;
e Spread mooring;
e Applicable for different liquefaction technologies.
Concepts of the FLNG with station-keeping systems consideration is

presented below [42]:
Table 4.15. Concepts of the FLNG with station-keeping systems consideration [42]

Turret
Dimensions of a hull:
292x94x38, draft — 15 m, mass —
185 ths tons

Ship's hull shape Cross-anchor station-keeping
system or spreading anchor
mooring system
Dimensions of a hull:
77| 292x94x38, draft — 15 m, mass —

180 ths tons
Cross-anchor station-keeping
system or spreading anchor
mooring system,
e i top diameter — 188 m, waterline
N\ / diameter — 150 m.
draft — 23 m, mass— 180 ths. tons

Buoy hull shape

Following the Rubin design bureau calculations, in the Pechora Sea

conditions, the ship's hull shape FLNG anchor mooring system cannot ensure safety
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in case of ice floe moving in the stern direction. This problem can be solved in two
ways [42]:
e Use of icebreakers to break the ice;
e Using a turret system in which a ship can rotate around a turret. In this
case, the vessel can turn in the direction of ice drift [48].

Both of these methods can be successfully implemented, however, since the
direction of ice drift in the Pechora Sea is very inconsistent, the implementation of
such solutions may be too expensive and not feasible from the economic point of
view.

The Rubin design bureau concluded that of all types of floating units, only
buoy hull shape FLNG with a powerful spreading anchor mooring system (32 large-
diameter links) can be used in the ice conditions of the Pechora Sea.

Restrictions on the depth for buoy hull shape FLNG: not less than 45 m [42].

Considering all the information above, a buoy hull shape FLNG is decided to
be used as an LNG plant for the second development concept. For the second
concept, it is proposed to consider a gravity-type platform with a shape close to a
circle. The topside diameter of such a platform should be 188 m and diameter of 188
m, and the waterline diameter is proposed to be 140 m. 45 degrees inclined walls

should be used in the gravity-based platform:
Table 4.16. LNG plant concepts [42]

Concept 1 Concept 2
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4.2.3. Anchor system for LNG plant type 2
A spread anchor mooring system with 32 large-diameter links was proposed

for the floating LNG plant. The main challenge for such a platform is to keep the
positions under the tremendous unstable ice loads linked with the unstable ice drift.

The best practice of the buoy-shaped hull platforms construction belongs to
the Sevan company. This company designed many buoy-shaped cylindrical
platforms for different conditions, including Brazil’s offshore and Norwegian’s part
of the Barents Sea. Although there are no platforms designed by Sevan company for

the harsh ice conditions, some analogies can be made.

Figure 4.9. Sevan Hull [49]

The most reliable hull construction developed by the Sevan company is
presented above. It can be observed that the mooring system, in this case, is started
at the topside of the platform and lowering along the hull wall. At the bottom of the
hull — lines are lowered to the seabed in approximately 45%angles.

For the proposed FLNG, the same system can be used with some changes
(additional mooring defense from the ice rubbles, 32 mooring lines — eight clusters
of four lines each, etc.).
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The reliable line configuration for a permanent mooring system could be
following: anchor to chain to polyester rope to chain [50, 51, 52]. Such a system is
expected to be the most reliable and efficient from the weight reduction point of
view.

Different grades of the mooring chain are presented in the table below [53]:

Table 4.17. Mechanical properties of offshore mooring chain and accessories [53]

Yield | Tensile Reduction Charpy V-notch impact tests
stress | strength | Elongation Test Average Average
Grade ) B . of area %
N/mm?# | N/mm % min . temperature energy energy flash
. . min > )
min min °C Jmin weld J min
0 60 50
R3 410 690 17 50 20 40 30
0 65 53
R3S 490 770 15 50 20 45 33
R4 580 860 12 50 -20 50 36
R4S 700 960 12 50 -20 56 40
R5 760 1000 12 50 -20 58 42
R6 900 1100 12 50 -20 60 46

According to the table above, the most reliable mooring chain grades are R5
and R6. Moreover, it is using at the most challenging projects with harsh
environmental conditions so that the best mooring chain grade for the Pechora Sea
conditions is R5 or R6 grade.

However, as it can be observed from the table above, the test temperature is
-20 °C. According to the Global Maritime Summary Guidance Document GMH-
8500-3122, it is a great problem during the material choice for the Arctic conditions.
It is recommended to provide testing of the chosen for the project grade at the -50
OC temperature before the final decision [54].

The nominal diameter for the mooring chain and polyester rope should be
defined during the ice, waves, and wind loads modelling. For sure, the nominal
diameter should be large enough to withstand all the loads which influence the
structure. Such modelling and diameter choosing is not considered in this Thesis and

is recommended to be provided in the future works.
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Considering the approximate line angle, a draft of the FLNG and water depth,
the approximate length of the line from the platform bottom to the seabed can be
computed: line length is equal to 68 meters.

The main anchor types are presented below [52]:

e Fluke anchor;
e Plate anchor;
e Anchor piles;
e Suction anchors;
e Gravity anchors.

It seems that the most conservative and reliable anchor system is a plate
anchor system.

Plate anchors are anchors that are intended to resist the applied loads by
orienting the plate approximately normal to the load after having been embedded.
The embedment of the plate anchor maybe by dragging (like a fluke anchor), by
pushing, by driving or by use of suction [52].

For the anchor system considered in this master thesis, plate anchor with the
suction embedment is proposed.

It is, however, suggested that the concept is tested in an ice tank to document
its feasibility in the Pechora Sea ice conditions and actual water depth prior to further
engineering analysis.

4.2.4. Plant equipment

Currently, several different technological processes for the liquefaction of the
natural gas are used, but all of them are based on the same principle: the cooling and
condensation of natural gas in a heat exchanger is carried out by one or more
refrigerants. Refrigerants circulate in closed thermodynamic cycles in which the
processes of compression in a compressor, cooling with air or water, expansion and
heating with cooled natural gas follow one after another. Nowadays, C3-MCR and
DMR technologies provide the best efficiency for offshore large-capacity LNG
production plant [42]. Consideration of both technologies is presented below [43]:
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C3-MCR technoloqgy:

The technology is based on the mixed refrigerant and propane pre-cooling

system implementation.

The C3-MCR process designed by the APCI (Air Products & Chemical,
Incorporated) is the most common. In 2012, it was used to liquefy approximately
54% of worldwide LNG production, while 81% — in a total number of LNG trains.
At the beginning of 2013, the unit production of each train varies between 2.5 and
4.9 MTPA (million tons per annum) [43].

-
e

8 ]
X1
>y A —» Natural gas

-  Mixed Refrigerant
=  Propane

Figure 4.10. C3-MCR technological scheme [43]

The APCI C3-MR process has two cooling cycles. One is a series of heat
exchangers using propane to pre-cool the natural gas. The three or four heat
exchangers (the kettle type) in the series (not sown on the scheme) each have
propane at a different pressure: high pressure, medium pressure, and low pressure.
The different pressures used to allow the propane to be cooled to different
temperatures to allow the natural gas to be cooled to an initial temperature before it
enters a spiral wound heat exchanger that accomplishes most of the cooling.

The mixed refrigerant used is composed of methane, ethane, propane, butane,

and nitrogen.
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At output from the liquefaction exchanger, the LNG is still pressurized at
40/45 bars.

The make-up hydrocarbons are supplied by the fractionating unit. One of the
strong points of APCI is its ability to supply both the process license and the primary
cryogenic exchanger SWHE (Spool Wound Heat Exchanger), that the company
manufactures.

Advantages of APCI C3MR process are:

e The process is applied for natural gas with various structures;
e Minimal number of units;

e Efficiency;
e Operative flexibility;
e Reliability.

One of the main disadvantages of the C3-MR process is its high equipment
cost. With the use of the propane exchangers, there is a high utility cost associated,
as well as the high cost of the spiral wound heat exchanger. The amount of work
required by the compressor is huge, which also increases the cost of the processes.
A large compressor or multiple numbers of compressors are required to compress

the amount of refrigerant in the process [43].

Figure 4.11. The spiral wound heat exchanger [43]
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DMR technology

Such technology was developed by the Shell company. Process configuration

is similar to the propane pre-cooled mixed refrigerant process, with the pre-cooling
conducted by a mixed refrigerant (made up mainly of ethane and propane) rather
than pure propane. Another main difference is that the pre-cooling is carried out in
SWHEs rather than kettles. The pre-cooling and liquefaction SWHESs were supplied
by Linde [43].

By using DMR technology, 7 MTPA production can be obtained (i.e.
"Scarborough FLNG").
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Figure 4.12. DMR technological scheme [43]

Technologies comparison

The effectiveness of liquefaction technology is characterized by the specific
energy consumption required to produce one kilogram of LNG. With the
temperature decreasing, the energy consumption for LNG production decreases. The
comparison of specific energy consumption between DMR and C3-MR technologies

Is presented below:
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Figure 4.13. Dependence of specific energy consumption of natural gas liquefaction processes on
changes in atmospheric temperature [55]

As far as in Arctic LNG plants heat removal in refrigeration cycles is possible
at very low ambient temperatures, regardless of the technology chosen, the total
amount of circulating refrigerant in the pre-cooling cycle is reduced, which leads to
a reduction in compressors energy consumption.

However, the energy consumption reduction in the cycle with propane does
not occur linearly. Approximately to a temperature of minus 10 °C, the decrease in
the specific energy consumption in both technological processes occurs at the same
rate. Further, the reduction in energy consumption in the C3-MR process is lower
than in the DMR process. This fact occurs since the temperature of pre-cooling with
pure propane at atmospheric pressure is limited by temperatures of minus 30 °C -
minus 35 °C. With a decrease in external temperature, a decrease in energy
consumption in the pre-cooling cycle occurs due to a decrease in propane
consumption. However, the flow of propane through the compressor has a minimum
value, followed by surging. In order to keep the compressor within operating
parameters (to avoid surging), the propane flow rate in the cycle is kept constant,
even with a further decrease in air temperature. A further decrease in specific energy
consumption occurs due to an increase in the efficiency of gas turbines. At the same
time, LNG production can be kept almost constant throughout the year.

The using of propane with ethane or ethylene mixture in the pre-cooling cycle
instead of pure propane reduces the temperature of natural gas at the outlet of this

84



cycle but requires constant control of the mixture composition. As the ambient
temperature decreases, the ratio of propane and ethane in the mixture changes in
favor of ethane, which causes a decrease in the outlet gas temperature. The
dependence of the natural gas cooling temperature on the ethane content is presented
below [56]:
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Figure 4.14. Dependence of the natural gas cooling temperature on the ethane content [56]

Reducing the pre-cooling temperature allows redistributing the load between
pre-cooling and liquefaction, thereby reducing the load on the main cryogenic heat
exchanger and increasing the productivity of the production line. An example is the
LNG plant on Sakhalin Island. Although this plant is not located in the Arctic zone,
monthly average winter temperature is minus 20 ° C. The Shell DMR liquefaction
technology implemented at the plant with a design capacity of 9.6 million tons per
year allows reaching a production level of more than 10 million tons annually.

Although the mixture refrigerant system is more complicated than a single-
component cooling system, it provides additional flexibility, since the composition
of the mixture can be adjusted in accordance with seasonal changes in the
atmosphere temperature to minimize energy consumption [56].

Based on the analysis presented above, the DMR system is taken as a
technology for the LNG plant.
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4.2.5. Equipment layout at the platform
The space area on the upper deck on which the equipment will be installed is

approximately 28 thousand m?,

Since there are no detailed data on the area occupied by the equipment, an
analogy method must be used to estimate the required space. The V.S. Nikitin's et
al. article [41] provides a summary table for all LNG floating plants. In this table,
there is a description of the project "Bonaparte FLNG". A floating plant for this
project is planned to be installed offshore Australia. The dimensions of the deck for
this floating plant are 400x70. Therefore, the deck area is 2800 m®. Natural Gas
Liquefaction Technology - DMR.

The area and technology of Bonaparte FLNG coincide with the area and
technology of liquefaction for the plant considered in this Master Thesis. Hence, we
can conclude that the area of the upper deck of the platform in question should be
sufficient to accommodate all the equipment. Obviously, with a more detailed design
of the platform, more accurate analysis of the area occupied by the equipment should
be done, but as an initial assessment, such an analogy seems to be sufficient.

According to Dr Mokhtab [57], the weight of the upper deck for large-scale
production can have a mass up to 70 thousand tons.

Thus, the total mass of the platform will be 250 thousand tons.

4.2.5. Determination of the natural period in heave for an FLNG:
In order to avoid the resonance of the vessel in the waves, it is necessary to

calculate its eigen period.

A vessel can move in 6 degrees of freedom, and for movement in each degree
of freedom, it is necessary to calculate its natural period. However, in case the vessel
is moored by a spreading anchor mooring system, the heave motion is the
determining movement.

The natural period in heave can be determined by the following equation:
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(4.38)

where M, — added mass;
p — water density;
D — waterline platform diameter.
Added mass can be determined following the DNV-RP-C205 standard [58]:
M, = pC,AgrLy, (4.39)

where C, — added mass coefficient;
Apg — cross-section area;
According to the calculations, Tyegpe = 12.2 s.
The maximum wave period in the Pechora Sea is 11.4 s. Therefore, the design

of the platform seems reliable from the preventing resonance point of view.

4.3. Subsea production system
4.3.1. The main subsea production system components
The main components are:

e Subsea wellhead,;
e Manifold;
o Template.

Subsea wellhead performs the same functions as a wellhead for surface wells.
However, the design of the subsea wellhead is very different. Subsea wellhead
should be designed to withstand large loads created by hydrostatic pressure, waves,
flow and so on. Moreover, such subsea wellheads should be able to provide remote

control by using ROV. Images of subsea wellhead are presented below [59]:
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Figure 4.15. Subsea wellhead [59]
A manifold is a system that can be used to collect production from several
production wells, as well as to distribute an injection agent before injection into the

reservoir. An image of the manifold is presented below [59]:

Figure 4.16. Manifold [59]

The template provides the protection of the manifold and the wellheads from
objects that may fall on them, as well as the protection from environmental

influences.
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Figure 4.17. Template [59]

It is common to consider template and manifold as one structure, as far as the
manifold is inserted into the template and together they can represent a single
structure necessary for the collection and distribution of products, as well as
protection from environmental influences on wellheads. That term calls integrated

production template (IPT).

Figure 4.18. Integrated production template [59]

The approximate dimensions of the integrated 4-slot template [59]:
e Template height - 10 m;
e Template width - 20 m;
e Template length - 20 m.
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4.3.2. Subsea production system choosing
In the case of the second development concept consideration, SPS should be

chosen.

Dolginskoye field

At the Dolginskoye field, twelve subsea wells should be drilled.

The installation of three 4-slots IPT is proposed in this field.

Since the water depth at the SPS, installation site is approximately 45 meters,
and the maximum thickness of hummaocks in the Pechora Sea is 18 meters [5], the
layout of ITS will be safe from the ice loads point of view.

North-Glyaevskoye field

At the North-Gulyaevskoye field, it is necessary to build ten subsea gas wells,
two subsea oil wells and one subsea injection well.

The following SPS layout is proposed:

e The installation of three 4-slots IPT for ten subsea gas wells;
e The installation of one 4-slots IPT for two subsea oil well and one
subsea injection well.

The extra slots in the IPT presence make it possible in the future, in case of
increase in recoverable reserves, to drill additional wells.

Since the average water depth at the SPS installation site is approximately 30
meters, and the maximum thickness of hummocks in the Pechora Sea is 18 meters,
the layout of ITS will be safe from the ice loads point of view.

Although the maximum water depth in the North-Gulyaevskoye field is 30
meters, there is a risk of the impossibility of the whole SPS equipment installation
as far as in some locations water depth varies from 20 to 30. In that case, glory holes
shall be implemented.

Pomorskoye field

At the Pomeranian field, six subsea gas wells should be drilled.
The installation of two 4-slots IPT for six subsea gas wells is proposed.
The sea depth in the installation area is the same as in the North-Gulyaevskoye

field. Therefore, the installation of SPS is possible.
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Although the maximum water depth in the North-Gulyaevskoye field is 30
meters, there is a risk of the impossibility of the whole SPS equipment installation
as far as in some locations water depth varies from 20 to 30. In. In that case, glory

holes shall be implemented.

4.3.3. Glory holes
A Glory hole — is housed within a buried protection structure to prevent ice

keel and soil intrusion into the IPT. The protection structure has been designed to be

made from either all steel materials or a combination of reinforced concrete and steel

[60].
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4.4. Offloading and transportation
4.4.1. LNG offloading and transportation

LNG FPSO
LIQUEFACTION PLANT

PROCESS PLANT
/ “—
SUBSEA SYSTEM

EX PORT

LNG
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Figure 4.20. Logistic scheme of the FLNG [61]

End

The most common logistics concept for FLNG is presented above. Liquefied
at an FLNG gas is stored in its storage facilities. Further, LNG is regularly shipped
to carriers that export it to the point of sale where a regasification platform can be
installed. After regasification, gas is piped to the shore and from there is transporting
to end consumers.

Due to the uncertainty of the end LNG from the Pechora Sea consumers (it
could be Spain (or another European country) or Asian countries via Northern Sea
Route), it is not possible to consider the full supply chain in this work. Hence, only
the first part of this chain is considered. That is the determination of the method of
LNG shipment from the plant to the tanker; and determination of the type of tanker.
The cost of the tanker will not be included in the economic assessment in the chapter
below since the needed tankers number is unknown. The number of tankers can be
determined after determining the LNG market for the Pechora Sea and determining

the distance that each tanker will cover.
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LNG shipment:

There are two main ways to transfer LNG:
e Side-by-side offloading;
e Tandem offloading system.

Side-by-side offloading uses Loading Arm facility for offloading operation to
a ship alongside FLNG. Since two floating vessels are very close during offloading
operation, it is crucial to control relative motions between the two vessels with state-
of-the-art position monitoring systems to monitor both the position and the velocity
of the LNG carrier. In order to ensure the possibility of safe using this type of
shipment, the wave height should not exceed 1-3 meters.

Tandem offloading system allows an FLNG-to-LNG carrier transfer of LNG
in a tandem configuration. By utilizing Dynamic Positioning system on the LNG
carrier and heading control on the FLNG, the LNG transfer operation can be carried
out even in harsh weather conditions. Hydrodynamic analysis tools are used for a set
of environmental load cases to verify feasibility. Since by using of such the distance
between LNG carrier and FLNG can be 45-80 from the plant, tandem offloading
allows offloading to LNG carrier in more rough sea conditions and offloading
operation is permitted for significant wave height up to 4-5m [61].

For the LNG plant considered in this work, it is proposed to use the tandem
shipping system proposed by Bluewater. When using such a system, the tanker is
attached to the plant by using a steel rope. LNG is shipped via special flexible
cryogenic pipes. In addition to holding the vessel with a steel rope, the vessel is also
holding in place by using a Dynamic Positioning System. Such a system guarantees
the safety of the shipment process. During shipment, the tanker is located at a
distance of 80 meters from the plant. This fact allows shipment at a wave height of
up to 5.5 meters [62].
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Figure 4.21. Tandem offloading system, designed by the Bluewater company [62]

LNG transportation

To transport LNG, an Arctic vessel that can move in harsh weather and ice

conditions is required. For the LNG transportation in this work, the Yamalmax

tanker developed for the Yamal-LNG project is proposed. Such a tanker is an ARC7

ice-class tanker (according to the Russian classification), which allows year-round

navigation without icebreaking assistance. The development of the Arctic tanker was

attended by Russian and foreign classification societies, leading design and

engineering institutes, shipyards and ship-owners.

The main characteristics of the tanker are:

Cargo capacity is approximately 170 thousand m?® of LNG;

Power plant capacity of 45 MW;

Speed in open water - 19.5 knots;

Speed during the course in the ice with a thickness of 1.5 meters - 5.0
knots;

The main type of tanker fuel is LNG;

A dual-fuel diesel-electric propulsive system with three Azipod units.
A dual-action system is applied - the front part is adapted for navigation
In open water and thin ice conditions, and the stern is optimized for

independent navigation in severe ice conditions.
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Figure 4.22. The model of the proposed carrier [63]

The maximum gas production in the fields cluster is 9 billion m3/year.

This value corresponds to the average daily production of 24 million m®/day
of natural gas. If we assume that during liquefaction natural gas is compressed 600
times, the average daily production of LNG is 41,095 m®/day.

With such a rate of LNG production and using the proposed carrier, offloading
should be made once in four days.

The storage volume is 260 thousand m?3. Such storage volumes will make it
possible to store LNG in the case of unforeseen logistical circumstances (for

example, a carrier breakdown).

4.4.2. Oil offloading and transportation
Qil offloading

By analogy with the Prirazlomnaya platform, two CUPON devices (a complex

device for direct oil offloading), located on the north-eastern and south-western parts
of the platform, can be installed on the DS platform for oil offloading. Oil is shipped
through one of the devices, depending on the direction of external loads (wave, ice
drift, currents, wind). To prevent an oil spill during the offloading operation, the
shipping line is equipped with a stop emergency system and close emergency

system.
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Before the start of offloading operations, carriers equipped with a bow loading
system carry out non-contact mooring. To exclude an involuntary collision with the

platform, they are equipped with a dynamic positioning system.

Cardan suspension

™~

Hawser winch

Hose valve

Figure 4.23. CUPON [64]

Qil transportation
A PANAMAX class tanker with a deadweight of 100,000 tons is proposed for

the transportation of oil.

Tanker characteristics:
e Speed in open water - 30 knots;
e Speed during the course in ice - 7 knots;
e Draft—6m.
With maximum oil production of 4.1 million tons/year (11,232 tons/day) and
using the proposed tanker, offloading should be done once in nine days.
For icebreaker tanker assistance, the use of the Taimyr class nuclear-powered
icebreaker is proposed.
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5. Economic assessment of the concepts' feasibility

5.1. Theory
In order to assess the economic viability of concepts and choose the most

appropriate concept, the evaluation of the net present value (NPV), profitability

index (PI) and profit margin are necessary.

5.1.1. Net present value
Net present value is the primary indicator of project performance that

investors are interested in. In contrast to the payback and profitability periods, it
gives the absolute value of the potential profit, which means that it is not related to
other values. Its value lies in the simplicity of calculations and easiness in
understanding.

In general order, the value of the net present value is determined as the sum
of all the discounted values of the future payment flows reduced to today and is

determined as follows [65]:

CFt
NPV = —] — 5.1
+ 2. GEESE (5.1)

where | — initial investments;
CFt — cash flows, which are the sums of cash inflows and outflows in a period
t=1..N;
r — discount rate.
Depending on this indicator value, the investor evaluates the attractiveness of
the project.
If:
e NPV > 0, then the investment project is profitable;
e NPV = 0, then the project will bring neither profit nor loss;
e NPV <0, then the project is unprofitable and promises losses to the

investor.
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5.1.2. Profitability index

According to the American professor Anthony Atkinson, the profitability
index (PI) is a variation of the net present value method, which is calculated as the
ratio of the sum of the discounted cash flows to the discounted value of the outflows.

The profitability index can be calculated as follows [66]:

N
NCF
Pl = 5

t=1

(5.2)

rae NCF — Net cash flow.

Profitability Index is a more accurate and conservative measure of project
profitability than NPV. This assessment is especially useful for projects with a large
number of investments [66].

If:

e PJ > 1, then the project is acceptable;
e PJ < 1, then the project is unacceptable;

e PI =1 then the project is neutral.

5.1.3. Profit margin

Profit Margin is a profitability ratio calculated as the ratio of net income to all
sales revenues or the ratio of net profit to revenue. Profit margin is a handy indicator,
especially during the projects in similar conditions comparison. A higher profit
margin indicates a more profitable project. Profit margins are usually indicated as a
percentage [67].

Profit margin can be calculated as follows:

Pl — Revenue — OPEX — CAPEX

5.3
Revenue (5:3)

5.2. Initial data for the calculations
Two development concepts of the Dolginskoye, North-Gulyaevskoye and
Pomorskoye fields are considered.
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5.2.1. The first concept
e Installation of five production GBS platforms: one platform is the centre of

production, the technological complex and oil storage are installed on it, and
four platforms are satellite platforms without storage and the technological
complex. Satellite platforms are installed on the base of the monopod type.

e |Installation of an LNG plant on the GBS platform.

e Pipelines with a total length of 213.5 km.

A drilling schedule is presented below:

2 2

8

7

Amount of wells
N w SN (05 [e)]

[EEN

0
10 111 12 13 14 15 16

M Injection wells
B Productionwells 2 @ 4 3 4 3 4 4 6 5 3 1 2 3 2 2 1 1
Year
Figure 5.1. Drilling schedule, the first concept
Revenue was calculated based on production profiles obtained in the chapter

“Oil and gas production profiles”.
Table 5.1. Initial data [13, 20, 30, 42, 48, 68]

Initial data

Discount rate 12 | %
Income tax rate 20 | %
Property tax rate 2.20 | %
MET rate (oil) 43 | $/tons
MET rate (gas) 3 | $/ths m®
Depreciation rate 3| %

Qil barrel price 70.00 | $
Investments 6308 | min$
Oil OPEX 37 | $/tons
Gas OPEX 43 | $/ths m®
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Continuation Table 5.1.

Producing well cost 19 | min $
Injection well cost 17 | min $
DS topside cost 650 | min $
Sattelite topside cost 436 | min $
LNG topside cost 1071 | mIin $
Monocone GBS cost 130 | mIn $
Caisson GBS cost 250 | min $
1 km pipeline cost 1.14 | min $

5.2.2. The second concept
Installation of two GBS platforms: one platform is the centre of production,

the technological complex and oil storage are installed on it, and one platform
is satellite platforms without storage and the technological complex. Sattelite
platform is installed on the base of the monopod type.

Installation of FLNG at the approximate water depth of 70 m;

Nine ITS installation.

Pipelines with a total length of 193 km.

A drilling schedule is presented below:
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Figure 5.2. Drilling schedule, the second concept

Additional initial data should be introduced for the second concept:
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Table 5.2. Additional initial data [13, 20, 30, 42, 48, 68]

Production subsea well cost 12 | min $
Injection subsea well cost 11 | min $
FLNG hull cost 286 | min $
SPS cost 103 | min $
Jack-Up platform cost 100 | ths $/day

5.3. Calculation results
The calculation results for both concepts are presented below:

Table 5.3. Calculation results

Value, min $ Concept 1 Concept 2
Revenue 51094 49200
CAPEX 6308 4105
Topsides 3464 2021
Platform bases 1260 657
Drilling 1339 1206
Pipelines 244 221
OPEX 20174 19253
Production operational cost 8059 7502
Taxes 12115 11751
NPV 3161 4945
IRR 17% 21%
Pl 0.4 1.2
Profit margin 48% 53%

During the analysis of the table above, it can be observed that the second
concept is much more profitable.

Although the NPV in both concepts is positive, the profitability index for the
first concept is less than one. This means that this concept requires too much
investment.

The oil price indicator’s sensitivity analysis for NPV and Pl is presented

below:
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Figure 5.3. The oil price indicator’s sensitivity analysis for NPV
It can be seen that the break-even price for the first concept is 52.5 $ per barrel.

The break-even price for the second concept is 35 $ per barrel.
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Figure 5.4. The oil price indicator’s sensitivity analysis for Pl

Profitability index is greater than 1 with oil prices above 95 $ per barrel for

the first concept and with oil prices above 60 $ per barrel for the second concept.

Intermediate conclusions
Based on economic analysis, it becomes evident that the second concept is

much more profitable. It can be explained by the fact that for the second concept, it
IS not necessary to install a large number of expensive GBS platforms. Moreover,
subsea well drilling is cheaper due to the simplification of a well design. Thus,
capital investments are significantly reduced. Also, since in the second concept, the
ORF and GRF are lower, revenue is reduced, but OPEX is reduced, which also plays

a role in the resulting economic factors.
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Conclusions
In the course of this Master Thesis, a development concept for the group of

the following fields was designed:

¢ Dolginskoye field,

e Severo-Gulyaevskoye field;

e Pomeranian field.

According to the designed concept:

e The total recoverable oil reserves in the group of fields are 63.21
million tons;

e The total recoverable gas reserves in the group of fields are 119.9
billion m3.

The concept provides the following infrastructure solutions:

¢ |Installation of two platforms: one platform is the centre of production,
the technological complex and oil storage are installed on it, and one
platform is a satellite platform without storage and the technological
complex. The satellite platform is installed on the base of the monopod
type.

o Installation of a buoy-type FLNG at the approximate water depth of 70
m in the northern part of the Dolginskoye field.

e |Installation of subsea production systems at the North part of the
Dolginskoye field (three 4-slots ITS), Pomorskoye (two 4-slots ITS)
and North-Gulyaevskoye fields (four 4-slots ITS).

e Pipelaying of five pipelines with a total length of 193 km.

The calculations of ice and wave loads on GBS platforms (caisson, monopod
and monocone) type were carried out. According to the calculations, in order to
minimize the environmental loads, it is necessary to use a caisson-type platform for
the DS platform with a wall inclination of 45° and a monopod type platform with a

wall inclination of 45° for the DC platform. Loads are presented below:
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Table 6.1. Wave and Ice loads on the chosen platforms

Wall F, MN
inclination | Wave loads | Ice loads

Platform Platform type

DS Caisson 45 208.46 185.40
DC Monocone 45 51.47 58.53

Due to the lack of infrastructure for gas transportation in the region of the
Pechora Sea and the Nenets Autonomous Okrug, it is proposed to install a buoy-type
FLNG. It is proposed to use an Arc7 Yamalmaks ice-class tanker for the further
transportation of LNG. Such design of the FLNG was chosen since it has sufficient
characteristics for operation in the Pechora Sea ice and wave conditions (following
the calculations of the Rubin design bureau). A spread anchor mooring system with
32 large-diameter links was the proposed station-keeping system.

DMR technology was chosen as the liquefaction technology. Such technology
allows the production of LNG in large volumes. Moreover, the Arctic conditions
expand the capabilities of the plant due to the low average atmospheric temperature.

The tandem technology developed by Bluewater was chosen for LNG
offloading.

By analogy with the Prirazlomnaya platform, the CUPON system was chosen
as the offloading system.

The PANAMAX tanker was chosen for oil transportation. lcebreaking
assistance is required in winter periods. A Taimyr-class nuclear-powered icebreaker
was chosen as a vessel for icebreaking assistance.

The results of the economic assessment showed that decisions are

economically feasible.
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Recommendations for the future works

This Master Thesis is a preliminary assessment of the proposed concept

implementation possibility, which describes the most critical aspects of the

development. In the future works, it is necessary to conduct a detailed analysis of

each of the aspects to approve the decisions made.

Special attention is recommended to be paid to the following issues:

Field development simulation in specialized software packages;

A detailed description of the logistics chain, including an analysis of
potential sales markets;

Detailed calculation of multiphase pipelines;

Clarification of the subsea production system with appropriate

calculations.

105



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

References

FO.H. TI'puropenko, E.A. Maprynuc, KO.H. HoBukoB u B.C. Coboies.
Mopckas 6a3a yriaeBoJopoIHOTO Chipbsi Poccru n epcnekTuBbl €€ OCBOCHUS

/[Hedrerazosas reonorus. Teopus u npakruka. Ne 2—2007. — c. 1-33.

FO.A. IMaBmumuc, C.JI. Huxudopos, C.A. OropomoB u I'.A. Tapacos.
[Tewopckoe Mope: npornuioe, HacTosee u Oyaymiee //Okeanonorus. T. 47, Ne

6-2007. — c. 927-9309.

Bukunenus, «Iledopckoe wMope,» Bukunemus, 19 SAnBaps 2020. [B
Nutepnere]. Pexxum JIOCTyMa:
https://ru.wikipedia.org/wiki/Iledopckoe mope. [[lata oOpamenus: 22 Mapt
2020].

B.U. demvos, I'.K. 3ybakun, FO.I1. Knepannos, B.A. Poxkos 1 E.A. CkyTuHa.
Bertep u Bosinbl B [ledopckom Mope //IIpoOneMbl ApKTUKM U AHTapKTHUKH. T.

94, Ne 4-2012. — c. 23-40.

OcHOBBI  pa3paOOTKu MIETH(MOBBIX HEPTEra3oBbIX MECTOPOXKICHUN U
CTPOUTEIBCTBO MOPCKUX COOpPYXKEHUH B ApkTuke: YueOHoe mocodue/
A.b.3onoryxun, O.T.I'yamectat, A.M.EpmakoB u np. — M.:I'VII M3n-Bo
«Hedts u raz» PI'Y nedtu u raza um.M.M.I'yoxuna, 2000. — 770 c.

00O "T'aznpom HedTh mEenbd", Ixonocuueckuti amnac Ilevopckozo mops,
Cankr-IletepOypr: [Nanmnepest [lewatu, 2018.

J.A. 3aiikun, E.b. Kapynun u A.A. [Iponsimikus. [IpakTnueckoe npuMeHeHne
Ha [IpupazmoMHOM HEDTIHOM MECTOPOKIACHHM METOAWKH pa3pyIICHHUS
HarpoOMOKJICHHsSI  OOJIOMKOB  JIbJa  BOJHM3M  JISJOCTOMKHX  MOPCKHX
ctarmoHapHbix maatdopwm //Tlonsapuas Mexanuka. 2016. — c. 279-293.

I. Efimkin, «Offshore ice-resistant gravity based terminal for the cluster

development of the Pechora Sea,» Stavanger, 2014.

106



[9] E.b. CyBopoBa. Jlutonormyeckass  XapakTepUCTHKa  HEPTEHOCHBIX
KaMEHHOYTOJIbHBIX IOPOJ  MECTOPOXKACHHsS MeIbIHCKOe-MOope, MIebd

[Tewopckoro mopst. //TIpodaemsr ApkTuku n Autapktuku. 2014, —c. 55-60.

[10] Neftegaz.ru, «[loaruackoe HedTssHoe MecTopokacHue,» 14 OxTs0ps 2012. [B
WutepneTe]. Pexum JOCTYTIA: https://neftegaz.ru/tech-
library/mestorozhdeniya/141725-dolginskoe-neftyanoe-mestorozhdenie/.
[dara obpammenus: 06 Mapt 2020].

[11] A.A. [310070. I'eosnoro-reodusndyeckre HCCACIOBAHUS M MOJICIH TPH-
poaHBIX pe3epByapoB bapenneBo—Kapckoro perroHa ¢ 1menbo HapanuBaHUs
pe-CypcHO# 6a3bl yTIeBoI0poa0B: ABTOpedepaT auccepTauy Ha COUCKaHHE

YYEHOM CTENEHU JOKTOPA T€0J0TO—MHUHEPATIOrHYeCKnX HayK. Mocksa, 2009.

[12] N.A. Tanansirun, JI.E. 3arpanosckas, A.E. Cumakos, B.B. Xykos, B.H.
CraBunkas u J.H. Jmutpyk. VYTOUHEHHE T€OJIOTMYECKOTO CTPOCHUS

Honrunckoro mectopoxkaenus //Hedtsnoe xo3saiictBo. Ne 4-2014. — ¢. 36-60.
[13] Buytpennue matepuansl komnanuu [TAO "T"asnpom HedTH".

[14] B.H. Xormrapus, [lepcrieKTUBBI MOMCKa MECTOPOXIACHUHN YTIEBOJIOPOOB B
JIEBOHCKHX OTJIOKEHUSIX BOCTOYHOM IPHUOONTOBOM 30HBI XOpEeHBEpPCKOU

BrauHbl [levopomopckoro menbda, Mocksa: OAO "3apyoexunedts”, 2011.

[15] «CeBepo-I'ynseBckoe wmectopoxacaue» Hedrsaaukun. Hedts um ra3, [B
Nutepnere]. Pexunm JIOCTyMa:
http://www.nftn.ru/oilfields/offshore/timano_pechorskij_bassejn/severo_gulj
aevskoe/18-1-0-57. [[lata oopamienus: 30 Mapt 2020].

[16] B.A. Komeneea wu DO.M. CepreeBa, «OCOOCHHOCTH TI'€OJIOTHH M
cequMmeHToreHesa  Ha  IOxHO-PycckoM — JIMIEH3MOHHOM — y4YacTKe,
pacIioNIOKEHHOM B IOro-BocTouHoi uacth bapenneBa mops (Ilewopckoe

Mope)» B Mamepuanax VII Bcepocciickoeo numonocuueckozo co8eujanus,

2013.

107



[17] Neftegaz.ru, «PocHedTs mTpoBena  OOIIECTBEHHBIE  CIyIIAHUS  TI0
JUIIEH3UMOHHOMY YyuacTKy B Ilewopckom mope,» 2014 Hos6ps 2014. [B
Wutepuere].  Pexwmm  goctyma:  https:/neftegaz.ru/news/Geological-
exploration/236455-rosneft-provela-obshchestvennye-slushaniya-po-
litsenzionnomu-uchastku-v-pechorskom-more/. [[lata oOpamenus: Maprta 30
2020].

[18] «ITomopckoe mecTopoxnenue,» Hedrsanku. Hedts u ra3, [B UHTepHETE].
Pexxum JIOCTyma:

http://www.nftn.ru/oilfields/offshore/timano_pechorskij_bassejn/pomorskoe/
18-1-0-58. [daTa obpamenus: 30 Mapt 2020].

[19] ©.B. lunwmmoB. MecTOpOKACHUS YTIIEBOIOPOTHOTO CBHIPhS POCCHUICKOTO
menbpa APKTHKU: TE€O0JOTHS M 3aKOHOMEPHOCTH pa3MmelleHus //BecTHHK
MI'TY, 1.3, Ne 2—-2000. — c. 339-350.

[20] Rystard Energy, UCube 3/7/20109.

[21] Eurazia Group, "Opportunities and challenges for Arctic oil and gas
development™ in Report for the Wilson Center, Washington D.C., 2014.

[22] J. Henderson and J. Loe, "The Prospects and Challenges for Arctic Oil
Development,” Oxford Institute for Energy Studies, Oxford, Oslo, 2014.

[23] Declaration on the Establishment of the Arctic Council, Ottawa, 1996.
[24] A. Zolotukhin u V. Gavrilov, «Russian Arctic Petroleum Resources:

Challenges and Future Opportunities,» in Presentation at the Arctic

Technology Conference held in Houston, Texas, Houston, 2011.

[25] A. B. 3onoryxun, kypc nekuuii mo teme «Offshore Field Developmenty
Mocksa, 2019.

[26] Mup3zoes JI.A. OcHOBBEI MOPCKOTO HE(TEra30IMPOMBICIIOBOTO aena — B 2 1. —
T.1:  OOycTpoiicTBO M  3KCIUTyaTalus  MOPCKMX  He(dTera3oBbIX

mecropoxaeauit. — M.: MzmatensctBo OO0 «/lens Cepebpar, 2009. — 288 c.

108



[27] . A. Hukwutun, FO. A. Xapuenko, A. C. OranoB u E. B. Boratsipéna.
OcBoeHne He()Tera30BbIX MECTOPOKACHUN KOHTHHEHTAJIBLHOTO mIelbda — B 2
yactsix — Yacte 1: [IpennHBECTUIIMOHHAS W WHBECTHOHHAA CTaauu. — M.:

UznatensctBo Poccuiickuii rocyaapcTBEHHBI YHHUBEPCUTET HEPTH U rasa

(HNY) umenn .M. I'y6kuna, 2018.

[28] E. N. Belendir u E. E. Toropov, «Analysis of various Designs of the Stationary
Platform Substuctures For the Pechora Sea Shelf B The Tenth International
Offshore and Polar Engineering Conference, Seattle, Washington, USA, 2000.

[29] Norwegian Petroleum Directorate, "FACTPAGES," [Online]. Available:
https://factpages.npd.no/en/field/pageview/all/23410947. [Accessed 27 May
2020].

[30] [TAO "T'asmpom HedTh", «I'occapuii U Ko3(h(GUIMEHTHI Tiepecuera,» [B
WNurtepuere]. Pexxum npocryma: https://www.gazprom.ru/investors/glossary/.
[[data oOpamenus: 28 Mait 2020].

[31] IT. T1. BopomaBkuH, Mopckue HeTera3oBble COOPYKEHHUS: YUCOHUK s
By30B — B 2 vactax — Hacts 1: KoncrpyupoBanue. — M.: U3parensctBo OO0
"Henpa-buznecuentp", 2006.

[32] O. T. Gudmestad, Marine Technology and Operations. Theory & Practice,
Southhapton: WIT Press, 2015.

[33] S. K. Chakrabarti, Hydrodynamics of offshore structures, Plainfield, Illinois:
Henry Ling Ltd., 1987.

[34] NORSOK, Actions and action effects, NORSOK Standard N-003, 2007.
[35] S. Leset, K. N. Shkhinek, O. T. Gudmestad and K. V. Hayland, Actions from

Ice on Arctic Offshore and Coastal Structures: Student’s Book for Institutes,

St. Petersburg: LAN, 2006.

[36] "International Standard 1SO 19906: Petroleum and natural gas industries —

Arctic offshore structures," 2019.

109



[37] A. P. S. Selvaduarai u M. J. Boulon, Mechanics of Geomaterial Interfaces
(Studies in Applied Mechanics), 1. 42, Elsevier Science Ltd, 1995.

[38] A. Palmer u K. Croasdale, Arctic Offhsore Engineering, Singapore: World
Scientific, 2013.

[39] JI. JIsan, JlenoBas Harpy3ka Ha TUAPOTEXHUICCKHE COOPYKCHUS C HAKJIOHHON
rpanbto: Jlucceprauuss Ha COMCKaHWE YYE€HOM CTENEHW KaHauaaTa

TexHuueckux Hayk, Cankrt-Ilerepoypr, 2014.

[40] CHuIl 2.06.04-82* Harpy3ku u BO3IEHCTBHS Ha THIPOTEXHUYCCKUE

coopyxenus, M: BHUUI um. b.E.Beneneena, 2012.

[41] B.C. Hukutus, F0.A. CumonoB u B.H. ITonoBunkuH. [TepcrieKTHBBI pa3BUTHS
OTCUYECTBEHHBIX APKTHMUYECKUX MOPCKHX TEXHOJIOTHH, CBS3aHHBIX CO

COKMDKEHHBIM TPUPOIHBIM ra30M //APKTHKA: SKOJOTUS U 3KOHOMHUKA. T. 30, Ne

2-2018. —. 68-82.

[42] K.B. Merpeukuii. OcHOBHBIC BIUsIONME (AKTOPbl U MX Y4ET MPH BHIOOpE
JEA0CTOMKON MOpPCKOW miIar@opmMbl [l CKMKEHUS TPUPOAHOrO rasa

oeperosbix mectopoxkacuuii, - CI1b.: RAO/CIS Offshore, 2017.

[43] E. b. ®&noposa, Kypc nexyuii no meme Apxmuueckuti 2a3, Mockpa: PI'Y
He(dTu u raza um. .M. I'ybkuna, 2019.

[44] HOBATOK, «Apkruk CIII' 2,» [B HWuarepuere]. Pexum gocryma:
http://www.novatek.ru/ru/business/arctic-Ing/. [dara oOpamenus: 22 Maii
2020].

[45] JI. 3opun. «JInoiiac Duepmkm» — [Tnonep npudpexubix komiuiekcoB CIIT B
Poccuu //T'azoBas mpombiniuieHHOCTh. Ne 3—2016, —c. 16-18.

[46] J. Beckman, "Goliat pushing boundaries of Arctic offshore production,”
Offshore  Magazine, 15 December 2016. [Online]. Available:
https://www.offshore-mag.com/field-development/article/16754769/goliat-
pushing-boundaries-of-arctic-offshore-production. [Accessed 22 May 2020].

110



[47] "Sevan SFNG," Sevan SSP, [Online]. Available: https://sevanssp.com/fing/.
[Accessed 22 May 2020].

[48] E. Meshcheryakov, "Concept of a FLNG vessel for the Russian Arctic shelf,"
Stavanger, 2018.

[49] F. Major, "Benefits of a cylindrically shaped floater for an FPSO application
in cyclone exposed environments,” in INTSOK DEEP WATER
CONFERENCE materials, Australia, 2013.

[50] Offshore Magazine, "Steel grade saves weight on cylindrical FPSO mooring
system,” 01 November 2006. [Online]. Available: https://www.offshore-
mag.com/production/article/16754237/steel-grade-saves-weight-on-
cylindrical-fpso-mooring-system. [Accessed 13 June 2020].

[51] Offshore Magazine, "Study examines new production system design for ultra-
deepwater,” 18 April 2016. [Online]. Available: https://www.offshore-
mag.com/production/article/16754850/study-examines-new-production-
system-design-for-ultradeepwater. [Accessed 13 June 2020].

[52] DNV Guidelines, Offshore Standard DNV-OS-E301 Position Mooring,
Norway, 2008.

[53] International Association of Classification Societies, IACS W22 Offshore
mooring chain, 2006.

[54] Global Maritime, GMH-8500-3122 Arctic Mooring Guidance, Houston,
Texas, 2016.

[55] A.C. Makyxa u E.b. ®&nopoBa. 3aBUCUMOCTb YACIbHBIX IHEPIrEeTHUCCKHUX
3aTpar MPOIECCOB CHKMKEHUS TTPUPOTHOTO Ta3a OT U3MEHEHUS TeMITepaTypbl
oKkpykaromen cpesnl //I"azoBast mpoMbliiieHHOCTh. Ne 11-2013. — ¢. 62-64.

[56] A.C. Makyxa, B.A. ®émopoa u E.b. ®énopoBa. OcobeHHOCTH
npoekTrpoBanus npoussoactea CIIT" //Neftegaz.RU. 1. 5, Ne 5-2018,.

[57] S. Mokhtab, J. Y. Mak, J. V. Valappil and D. A. Wood, Handbook of Liquefied
Natural Gas, United States: Elsevier Inc., 2014.

111



[58] Det Norske Veritas, DNV-RP-C205: Environmental conditions and

environmental loads, 2007.

[59] L. Reinas, Lecture notes in course "Subsea Systems™., Stavanger: University
of Stanger, 20109.

[60] D.-H. Lee, M.-K. Ha, S.-Y. Kim u S.-C. Shin, «Research of design challenges
and new technologies for floating LNG,» Int. J. Nav. Archit. Ocean Eng., Ne
6, pp. 307-322, 2014.

[61] «LNG Loading & Offloading Systems,» Bluewater, [Online]. Available:
https://www.bluewater.com/products-technology/Ing-loading-offloading-
systems/. [Accesed: 28 May 2020].

[62] «TpancnioptupoBka CIII» Sman CIIT, 2015. [B Harepuere]. Pexum
noctyma: http://yamaling.ru/project/tankers/. [[data oOpamenus: 29 Mai
2020].

[63] E. Subbotin, «Oil offloading solutions for the Pechora Sea exemplified by the

Prirazlomnaya field,» Stavanger, 2015.

[64] E. Curaesa, «Kak paccuntarh JUCKOHTHPOBAHHBIA A0X0xa (dopmyna),» 12
SAuBapr  2020. [B  Hurepnere]. Pexum nmoctrynma:  https://nalog-
nalog.ru/analiz_hozyajstvennoj_deyatelnosti_ahd/kak_rasschitat_chistyj_disk

ontirovannyj_dohod_formula/. [[{aTa oOpamenus: 30 Maii 2020].

[65] Wikipedia, «1unekc perradenbHocT,» 27 Jlekadps 2019. [B UurepHere].
Pexxum  moctyma:  https://ru.wikipedia.org/wiki/uaekc peHTaOEIbHOCTH.

[[arta obparienus: 30 Maii 2020].
[66] «Maprxa npuObLT» PUHAHCOBBIC MHBECTUIMKM 00pa30BaTE/IbHBIN IICHTp, [B
HNutepnere]. Pexum JIOCTyma:

https://allfi.biz/glossary/eng/P/profitmargin.php. [[lata o6pamenus: 30 Maii
2020].

112



[67] A.C. Makyxa u E.b. ®&énopoBa. 3aBHCHMOCTb YAEIBHBIX SHEPTETHUYECKUX
3aTpaT MPOLECCOB CKMIKEHUS TIPUPOTHOTO T'a3a OT U3MEHEHHsSI TeMIIepaTyphbI
OKpy>karoten cpensl //I'azoBast mpombinuieHHOCTh. Ne 11-2013. — c. 62-64.

[68] Y. Egorov, "Feasibility study of the concept of the Dolginskoye field

development with subsea production systems." Stavanger, 2018.

113



