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Abstract

The basis of this project was Case 2, from the SUBPRO Business Cases, “Field Characteristics and Design
Data”[24]. This case represents a remote, low energy oil field with low pressure, 90 bar, and low temperature,
26°C. The nearest facility is placed 150 km from the reservoir. Three designs were designed for subsea separation
and water treatment over a period of 10 years, to reach the goal of discharging waste water directly into the seawa-
ter. Case 1, including two gravity separators, one hydrocyclone and one flotation unit was found to be the optimal

case regarding robustness and adaptability.

The total CAPEX was estimated to be 485 669 379 USD, and the total OPEX was estimated to be 27 220 968.
From the investment analysis, the NPV was estimated to be 658.27 mill. USD, and the pay-back time 3.12 years.

From the sensitivity analysis, the break-even oil price was found to be approximately 28.14 USD/bbl.
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1 Introduction

Rougher, deeper and more challenging oil fields have driven the growth of subsea activity. Subsea processing
has the potential to revolutionise the traditional offshore oil and gas production. By improving mature subsea

technology one can achieve reduced development cost, increase reservoir productivity and recovery[29]].

Norway has been in the forefront of subsea development since the 1990s. New reservoirs had just been discovered
around Statfjord field, but were to small to make individual production viable. When it was established that the
subsea production was a realistic and realisable option, engineers began developing less complicated and cost-
effective solutions[30]. This resulted in the possibility of making small reservoirs like the ones found around the
Statfjord field financially viable. The goal was to create a fully operating subsea system integrated with exist-
ing infrastructure. During the late 1990s, several large international companies started taking interest in subsea
solutions, and subsea production turned out to be beneficial for smaller fields that could not justify building and

operation of large platforms[30].

However, the subsea industry is still facing many challenges. Deeper water, greater complexities and more compli-
cated logistics makes it harder to seek new reservoirs to satisfy the worldwide demand. One important challenge,
yet to be solved efficient, is subsea separation and treatment of produced water[7]. Strict disposal regulations and

lack of reliable technology is why there has been no wider uptake of subsea separation systems|[7].

This report studies the possibility of making a robust and adaptable subsea separation and water treatment system,
and by adopting existing solutions, investigate whether the system is able to tackle strict regulations and cope with

changing liquid flows to make a financially viable system.



2 Background

2.1 Subsea separation

Subsea separation is, by definition, a separation process where the entire system is moved to the seabed and the
processed flows are sent to the topside[l]. There are several advantages with subsea separation. Moving the entire
water treatment system subsea can reduce the cost related to the process of lifting the produced water topside. By
reducing the amount of production transferred from the seabed to the surface, the topside capacity utilisation can

be improved reducing both operating and capital costs.

In general, a subsea processing facility is robust and adaptable. As the subsea location constraints the possibility of
physically maintenance, inspection and modifications, the facility needs to be able to cope with both expected and
unexpected changes in flows and compositions[1]. All subsea equipment will be expensive and time-consuming to
repair, retrieve or replace once installed. To reduce the risk of failure and ensure equipment reliability, testing and

qualification are critical.

For deepwater solutions, small and compact separators with low residence time will often be more sensitive to
changing operating conditions, but are more easily replaced with more suitable ones. In contrast, the large gravity
separators are more adaptable to changing liquid and gas flows. However, gravity separators are not efficient

enough to reach the disposal requirement alone[1]].

2.2 Produced water treatment

To meet the disposal regulations required, the produced water must be treated for contamination of oil and solids.
The purified water can either be used in a produced water reinjection(PWRI) process, or be discharged directly

into the ocean[6].

For a produced water reinjection, the requirement are quite strict for both oil content and solids specifications. The
oil content must be between 10-30 ppm. The solids size must to be between 5-10 microns with an oil content less
than 5 ppm. The reason for these strict requirements for oil removal and solids removal is to prevent formation
damage. To discharge the water into the ocean there are usually no specification for the solids, but the o0il content

has to be less than 30ppml[6].

To reach the disposal regulations, the produced water must be treated through several separation process steps. The
initial separation is usually gross separation with gravity separators. For a topside facility, the second separation
step can be separation with hydrocyclones, both desanders and deoilers. This is to remove the bulk of the solids
and oil. Hydrocyclones can separate down to an oil content between 10-30 ppm, and to a 10 micron particle size

of sand. In the third separation step it is common to perform a separation with induced gas flotation (IGF). If the

2



disposal regulations still are not reached, a fourth separation step can be added. This separation can be with a nut

shell media filtration (NSF)[6]].

2.3 Challenges with subsea separation

Subsea separation is a relatively unexplored area with little previous experience to build upon[7]]. In general,
subsea conditions offer a much harsher environment, which makes it hard to adopt existing technologies. There
are also limited qualification testing facilities for subsea separation[7]]. Flow assurance, produced water treatment
analysis and pressure limitations are also important considerations when installing a subsea water treatment system.
Developing solutions to cope with all existing problems is out of this thesis scope, but will be presented as important

aspects of subsea water treatment.

2.3.1 Flow assurance

To ensure that hydrocarbon reservoir fluids can be moved safe and economically to the refinery, with focus on the
engineering discipline and the knowledge about fluid and the technology required, is called flow assurance[53]].
Issues regarding sand handling, hydrate formation, wax deposition, asphaltenes, corrosion, erosion and scale de-

position is just some of the considerations when it comes to flow assurance([54].

2.3.2 Sand management

Pumping oil from a reservoir will bring some sand with it, together with crude oil, water and gas. The composition
of the well stream will vary between wells and the lifetime of the field. To cope with these variations a subsea

processing system has to be able to adapt[1].

There are several challenges related to sand in subsea separation processes. Some of them can be degradation of
pumps as a result of wear, clogging of separation equipment and erosion of pipelines[2]. Another problem caused
by sand is that, due to a high density, the sand will settle to the bottom of the gravity-separator. This can form large

layers of sand at the bottom of the separator, fill it up and change the performance of the separation[4].

Equipment used in sand handling are typically desanding hydrocyclones, cyclonic jetting systems or sand accu-
mulator vessels. Removal of sand from the processing system can be routed in different ways. For example, in the
Tordis field, the sand was re-injected with the water, and in the Pazflor field, Angola, the sand was transported to

the surface together with the oil[2].



2.3.3 Produced water treatment analysis

For conventional topside separation systems the oil in water content is physically collected and analysed before the
waste water gets discharged into the sea. Due to the practicalities around oil-in-water measurements without man-
ually sampling and analysis, the procedure is inconvenient to perform subseall]. Presently there are no available

instruments to continuously monitor the oil content for treated waste water subsea[/7]].

2.3.4 Pressure limitations

One of the challenges when installing the equipment on the seabed is to maintain the high seawater pressure. The
pipelines and components used in the subsea design has to keep a pressure which is equal or greater than the
external seawater pressure. This is to prevent equipment from imploding. The external seawater pressure can be

calculated by,

Pext = ,Ogh (l)

where p is the density of water, g is the gravity constant, and A is the depth of water. To sustain the high pressure

in the equipment, the walls can be made thicker or it can be used a compensation system[9]].

3 Separation and water treatment technology

3.1 Gravitational separator

The separation from a gravity separator is driven by the density differences in the phases and gravitational forces.
The gravity separator can either be a two-phase separator or a three-phase separator. A two-phase separator typ-
ically has one gas outflow and one liquid outflow. While a three-phase separator typically has one gas outflow,
one light liquid outflow and one heavy liquid outflow. The separator used for water treatment here is a three-phase
separator and can either be designed as a horizontal or vertical pressure vessel. Because a long liquid hold-up time

is required, a horizontal separator is selected. An illustration of a horizontal three-phase separator is shown in

Figure
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Figure 1: Horizontal three-phase gravity separator.

The three-phase separator is usually the first separator in a water treatment plant, and is used to separate the largest
oil droplets from water. When the inflow enters the separator it hits an inlet diverter which will do the initial main
separation of vapour and liquid. This is because of the sudden change in momentum. To direct the liquid flow below
the oil-water interface, the inlet diverter will in most designs contain a downcomer. The mixture of oil and water
will then be forced to mix with the water continuous phase in the bottom of the separator. Afterwards, the droplets
can rise through the oil-water interface. This process leads to a better chance of coalescence of water droplets, and
is called “water-washing”. It will also assure that the liquid does not fall on top of the gas/oil interphase or the
oil/water interphase. Because of the inlet diverter, the liquid flow will only carry a small part of gas to the bottom

of the vessel[3]].

3.2 Hydrocyclone

Hydrocyclones are widely used today because of the great efficiency, and can remove up to 90% of the incoming
oil. The efficiency of hydrocyclones is dependent of the oil bubble distribution, and is usually only capable of

separating oil droplets larger than 30 microns[[L7]. Hydrocyclones are therefore located upstream in the process.

A hydrocyclone is a device that utilize centrifugal force to promote separation of components with different den-
sities. By directing the inflow tangentially at the top, the hydrocyclone gives the incoming liquid a rotary motion.
As the entire content in the cyclone spins, this forces water, the heavy component, to move towards the wall. The
light component, oil, forms a core in the centre and is pushed upwards and discharged through the top outlet, as

shown in Figure
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Figure 2: Illustration of the streamlines for heavy and light component in a hydrocyclone[17].

3.3 Gas Flotation

Gas flotation is a water treatment process that can be used to remove small oil droplets from the waste water stream
by injecting gas. As the oil drops from the bulk flow moves down the tank they will collide with the gas stream as
shown in Figure [3] When a collision occur the oil droplets will either attach or bounce off. If an oil bubble gets
captured, it will rise with the gas to the surface of the tank creating an oily foam which can be removed. Since
flotation units usually are capable of separating smaller oil drops, it is always located downstream of primary

separators[20].



Figure 3: Principle of oil capture inside a flotation unit.

The two main flotation units relevant for deoiling purposes are induced gas flotation(IGF) and dissolved air flota-
tion(DAF). Both IGF and DAF utilize the same working principles, but differs in the way the gas is injected and
gas bubble size it produce. In the dissolved air flotation the gas is injected while the liquid is pressurised which
typically produces gas bubbles in the range of 30-50 microns[40]]. In the induced gas flotation units the gas is
pumped directly in, saturating the waste water, producing gas bubbles from 70 microns and larger[40]. DAF is
often considered to be more effective compared to IAF. However, IGF requires fewer parts which results in an
overall smaller capital and maintenance cost. Due to the fact that the flotation unit will be located subsea which

constraints the availability, induced gas flotation is therefore the best candidate for subsea flotation.

4 Design Basis

The basis of this project is Case 2, from the SUBPRO Business Cases, "Field Characteristics and Design Data”[24].
This case represents a remote, low energy oil field, with low pressure and temperature. The location is assumed
to be nearby Norway, so that taxes and prices are according to Norwegian standard in 2018. It is assumed that
an already existing oilfield is available, and this subsea separation system can be connected to the oilfield. As a
result of this, there is no need for drilling wells, and already installed manifolds and subsea trees are used. The oil

price[56] and the gas price[55]] used in the calculations are retrieved 18.11.2018.

The properties for the oil field and the oil and gas prices are given in Table[I]



Table 1: Properties for the oil field, and oil and gas prices.

Description Value Unit
Reservoir pressure[24] 90 bar
Reservoir temperature[24] 26 °C
Reservoir depth[24]] 400 m
Gas oil ratio[24] 100 222
Seabed water depth[24]] 500 m
Seabed temperature[24]] 4 °C

Oil price[56] 66.64 LD

Gas price[55] 4272 25D

The properties for maximum oil production, maximum water production and maximum liquid production are given

in Table 2]24].

Table 2: Properties for the production profiles: Maximum oil production, maximum water production and maximum liquid

production.

Production profile Value Unit
Maximum oil production
Oil production 7000  Sm3/d
Water production 900 Sm?/d
Maximum water production
Oil production 400  Sm3/d
Water production 8500 Sm?/d
Maximum liquid production
Oil production 6500 Sm3/d
Water production 4600  Sm3/d

The composition of the well stream, with corresponding molar weights, are given in Table [3]24].



Table 3: Composition of the well stream.

Component  Mole fraction [-] Molar weight [g/mol]

N, 0.00472 28.014
CO, 0.0005 44.01
CH, 0.3464 16.043
CyHg 0.03229 30.07
CsHsy 0.2417 44.097

iC4Hyp 0.00554 58.124
nCyHo 0.0167 58.124
iso — CsHyy 0.00019 72.151
iCsHyo 0.00546 72.151
nCsHya 0.00684 72.151
N 0.00992 85.3
CrHyg 0.0169 92.7
CsHis 0.0217 105.8
CoHao 0.0174 121.7
Cro+ 0.4964 271

It is assumed that Ny, CO5 and C H, are the only compounds that constitutes the gas phase. The oil is assumed
to be light crude oil, which is defined by having a density that is equal or less than 870 kg/m?>[23]. The densities

used in the simulations are given in Table ]

Table 4: Densities used in the simulations at normal temperature and pressure (NTP).

Compound Density [kg/m?]
Ny [121]] 1.165
COs [21] 1.842
CH, [21] 0.668
H,0O 998
Light crude oil [23]] 870




4.1 Gravity separator

The gravity separator was modelled in Matlab based on an empirical formula with a user specified efficiency, and

simulated in Matlab. The model is presented in Appendix A.1.

4.1.1 Model assumptions

The following assumptions were made to simulate the three-phase separator.

e The efficiency can be calculated by an empirical formula.

e The gas phase does not occupy any volume.

e The gravity separator is modelled as a two phase separator with oil and water.

e Perfect gas-liquid separation.

e An ideal homogeneous mixture of oil- and water-flows.

4.1.2 Design parameters

The separator dimensions, wall thickness and cost calculations used in the model are shown in Table[5] A comple-

mentary calculation procedure for the dimensions are shown in Appendix B.1.

Table 5: Three-phase gravity separator dimensions.

Dimension Value

Unit

D,
L,

Vv, 12.42

tw

m
m
m3

mm

4.2 Hydrocyclone

The hydrocyclone was simulated in Matlab using empirical formulas based on experimental values[17]]. Since the

efficiency is only valid for a certain range of oil droplet sizes a distribution was established. The model is presented

in Appendix A.2.
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4.2.1 Model assumptions

The following assumptions were made to simulate the hydrocyclone.
e The separation efficiency can be calculated using an empirical model based on experimental values.
e Inlet oil droplet distribution is normal distributed and with radius ranging from 1 to 150 mm.

e Inlet volumetric flow rate can be calculated by dividing the total flow rate by the average number of liners.

4.2.2 Design parameters

Table [6] summarises the dimensions used in the simulations and the number of liners required to maintain a high

separation efficiency.

Table 6: Hydrocyclone dimensions.

Dimension Value Unit

Body diameter D, 75 mm

Inlet diameter D;n 21 mm
Length 375 mm
Liners [40, 64] -

The hydrocyclone model requires an oil bubble distribution to calculate the outlet concentration and is summarised

in Table [7]28].

Table 7: Parameters for oil droplet distribution used in the hydrocyclone model.

Parameter Value Unit
Distribution Normal distributed
Standard deviation, 300 pm
Minimum size 1 pm
Maximum size 150 pm

The estimated calculations of the dimensions and the parameters for oil droplet distribution are shown in Appendix

B.2.
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4.3 Induced gas flotation

The flotation unit was simulated in Matlab and take basis in calculating the number of collisions between oil and
gas bubbles in the column. The number of collisions per unit time is also multiplied by the capture efficiency, E,

which describes how many of the collision results in capture. The model is presented in Appendix A.3.

4.3.1 Model assumptions

The following assumptions were made to simulate the induced gas flotation.
e The efficiency of oil removal is governed by the probability of collision in the tank.
e Uniformly distributed gas and oil droplets in the tank.
e One dimensional and laminar flow in the tank.
e The rise velocity of the gas bubbles follows Stokes’ law.
e The oil droplet velocity is equal to the bulk flow velocity in the tank.
e Qil drops can not detach from gas bubbles once its captured.
e Constant gas and oil droplet radius, 74 and 7.
e The oil droplet radius can be calculated as the average of the outlet distribution from the hydrocyclone.
e Constant capture efficiency, E.
e The tank has no internal configuration, that is, it is modelled as a simple tank.

e Counter current gas and liquid flow.

4.3.2 Design parameters

Table [§] summarises the gas specifications used in the simulation.

Table 8: Gas specifications used in the IGF model.

Parameter Value  Unit
Gas radius 400 pm
Gas density 1205 g

Gas flow Case 1 0.0033 ™3
Gas flow Case 2 0.02 ’”TB

Capture efficiency, E 1355

12



Table [0l summarises the dimensions of the flotation tank used in the simulation.

Table 9: Induced gas flotation dimensions.

Dimension Value  Unit
Height 2 m
Radius tank 0.5 m

Volume tank  1.5708 m?

All the presented dimensions and specifications are calculated and discussed in Appendix B.3.

S Process Description

An overall simplified picture of the whole subsea process is shown in Figure @] Oil, gas, water and sand are
pumped from the well and into the separation system. The well stream is separated into four outlet streams in the
separator. Sand, including sludge and other solids, is taken to subsea sand storage after sand handling. Further,
the water outflow is separated and then discharged into the seawater when the disposal requirements are achieved.
After treating the oil, it is sent for boosting. The gas outflow is sent to gas treatment, followed by gas compression
and cooling. After handling the oil stream and gas stream they are gathered in a pipeline and finally transported to

the floating production, storage and offloading (FPSO), which is placed 150 km from the production reservoair.

FPSO

Gas .
N, onditioning/ R3S COMPression S, Transport
S and cooling

L EENGLENLI - Subsea sand storage

Water

T "SRR Produced water disposal

Figure 4: Overall schematic flow sheet of subsea processing system.
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The objective of the subsea separation and water treatment is to be able to discharge the water directly into the
seawater. To be able to do this, the oil content in the waste water must then be less than 30 ppm [6]]. There are
several possible designs to reach this requirement, but the main question is, however, how to make the process
efficient and economic yet achievable. Three different cases have been modelled to reach the disposal regulations.
The first separation step in every case is separation of the well stream by a three-phase gravity separator. Due to a
large volumetric inflow, the dimensions of having one separator became very large, which is not practical in terms
of installation subsea[62]]. Therefore, it was decided to design two smaller separators in parallel by splitting the
inflow. Sand, wax and asphaltenes, from the production reservoir, is out of this project’ scope, and is therefore

neglected. The same applies for oil and gas treatment, and operations which occur after the flow enters the FPSO.

5.1 Casel

In case 1, the well stream is first separated in two three-phase gravity separators, in parallel, to perform the main
separation of gas, oil and water. The water outflow is then separated in one hydrocyclone, followed by one flotation

unit. The flotation unit utilises the produced natural gas. The flow sheet of this process design is shown in Figure

’(E;)—— -

Pump S00m

Sep2 _\\ v T Q 150km

Sepl: Gravity separator
Sep2: Gravity separator

1
HC: Hydrocyclone D_. HC

IGF: Induced gas flotation IGF

Dark blue: Well stream

2
Black: Oil outflow 2] Waste water

Light blue: Water outflow

Figure 5: Flow sheet of the design in case 1.

5.2 Case?2

In case 2, the well stream is first separated in two three-phase gravity separators, in parallel, to perform the main
separation of gas, oil and water. After the gravity separators, the water outflow is sent to two hydrocyclones

designed in series. The flow sheet of this process design is shown in Figure [6]
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Well

FPS0O

Sepl

Pump S500m

Sep2 ¥
Y -~

Sepl: Gravity separator
Sep2: Gravity separator
HC1: Hydrocyclone
HCZ: Hydrocyclone

HC2Z

Dark blue: Well stream

Waste water

Black: Oil outflow
Light blue: Water outflow

Figure 6: Flow sheet of the design in case 2.

5.3 Case3

In case 3, the well stream is first separated in two three-phase gravity separators, in parallel, to perform the main
separation of gas, oil and water. Then, the water outflow is sent to two flotation tanks designed in series. Both the

flotation utilises the natural gas. The flow sheet of this process design is shown in Figure

n

Pump 500m

[ ) O

Sepl: Gravity separator
Sepl: Gravity separator
IGF1: Induced gas flotation
IGF2: Induced gas flotation

Dark blue: Well stream

Waste water

Black: Oil autflaw

Figure 7: Flow sheet of the design in case 3.

15



6 Flow sheet Calculations

The designs of the three cases are based on the subsea separation of oil, gas and water. The separation is modelled in
Matlab and is presented in Appendix A. The following assumptions were made for all three cases when simulating

the separation processes,
e Oil and gas treatment are not included.

e Sand handling system is neglected.

Wax, ashpaltenes and other problems associated to flow assurance are not considered.

All operations after FPSO is neglected.

e For year one the water production is zero and therefore not presented in the results.

6.1 Casel

The flow sheet for the water treatment in case 1 is shown in Figure 8]

Gas outflow

j Oil outflow
]
L
Oilwell  |—
90, Xg

O1,%;

9z, %
Waste water

O3, X

Figure 8: Flow sheet of the subsea separation and water treatment in case 1, with two gravity separators, one hydrocyclone
and one flotation unit. The dark blue line represents the well stream, the yellow line represents the gas outflow, the black line

represents the oil outflow and the light blue line represents the water outflow.

Table [E] shows the oil mass fractions for the inlet x, gravity outlet separator, x1, outlet hydrocyclone vessel, x5,
outlet flotation unit, =3, fractions. Given the design parameters presented, the system reaches a maximum outlet

concentration of 23.7ppm which is below the required value of 30ppm.
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Table 10: Key results from case 1.

Production profile To T To T3

Maximum oil production ~ 0.8861 0.3913 0.0516 0.0237
Minimum oil production 0.0449 0.0218 0.0015 0.0014
Maximum liquid production 0.4630 0.2546 0.0187 0.0169

Figure [0 gives a graphical representation of the evolution of the outlet oil fraction from the different units. The
blue dots represents the oil fraction out of the reservoir, the orange dots represents the oil fraction out of the gravity
separators, the yellow dots represents the oil fraction out of the hydrocyclone and the purple dots represents the
oil fraction out of the flotation unit. The y-axis shows the oil fraction in the water outflow, and the x-axis gives

the time in years. The exact values for the volumetric flows and it’s corresponding mass fractions are given in

Appendix C.1.

Case 1: Oil fractions for year 2 to 10
T T T T T

T
* % x0, inlet from reservoir
¥ x1, outlet gravity separator|
0.9 * x2, outlet hydrocyclone ||
% x3, outlet IGF
0.8 ——30 ppm ]
- *
—07r 4
2
<
=z *
5 0.6 - * 4
% *
205+ * 4
R= *
g
=04
z o
E ¥ * *
=03} * *
o
*
0.2F
0.1F
|
0% ¥ ol * ¥ ¥ ¥ * *
2 3 4 5 6 7 8 9 10

Time [year]

Figure 9: Graphical representation of the of the oil-in-water content for year 2-10 for case 1.

Figure [T0] shows how the liquid flows change during years 2 to 10. The blue dots represents the inlet flow from

the reservoir. The orange, yellow and purple dots represents the outlet liquid flows from the gravity separator,

hydrocyclone and flotation unit, respectively.
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Case 1: Liquid flows year 2 to 10

0.14 T T
* %* %*
% %
0.12 *
*
0.1F T
% *
* * )
ﬁ 0.08 |- %* T
g ¥ * * ¥
2 *
T 0.06 |- * 7
*
* *
0.04 b
*
0.02 - % qO, inlet flow from reservoir
’ ¥ % ql, outlet flow gravity separator
* g2, outlet hydrocyclone
%* g3, outlet IGF
0* 1 1 1 1 1 1 1
2 3 4 5 6 7 8 9 10

Time [year]

Figure 10: Graphical representation of the inlet liquid flows and outlet liquid flows for the gravity separator, hydrocyclone and

IGF for case 1.

As seen in Figure 0] the efficiency of the gravity separators changes during the years. This is due to the variation
of the inlet liquid flow. For year two the liquid production is low, thus resulting in a larger residence time and a
larger separation efficiency. During the plants lifetime the liquid flow increases, which gives less residence time.

At the same time, the inlet oil fraction will also decrease resulting in an overall decreasing outlet oil fraction.

The hydrocyclone yields the largest outlet oil fraction during the years with the lowest liquid production. Since the
hydrocyclone is dependent of the tangential force created at the inlet, and smaller velocities create less drive, the

years with lowest liquid production will result in the lowest efficiency.

6.2 Case?2

The flow sheet for the water treatment process in case 2 is shown in Figure[TT]
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Oilwell | ——+
Go ., Xp

i1, X3

[ G2.% Waste water

3, X3

Figure 11: Flow sheet of the subsea separation and water treatment in case 2, with two gravity separators and two hydrocyclones.
The dark blue line represents the well stream, the yellow line represents the gas outflow, the black line represents the oil outflow

and the light blue line represents the water outflow.

Table [TT] shows the oil mass fractions for the inlet x¢, outlet gravity separator, x1, outlet of first hydrocyclone
vessel, x2, and the outlet of second hydrocyclone vessel,x3, fractions. Given the design parameters presented, the

system reaches a maximum outlet concentration of 6.5ppm which is below the required value of 30ppm.

Table 11: Key results from case 2.

Production profile o T To T3
Maximum oil production ~ 0.8861 0.5888 0.0537  0.0065
Minimum oil production 0.0449 0.0313 0.0016 0.000134

Maximum liquid production 0.4630 0.3433 0.0180  0.0150

Figure [12] gives a graphical representation of the evolution of the outlet oil fraction from the different units. The
blue dots represents the oil fraction out of the reservoir, the orange dots represents the oil fraction out of the gravity
separators and the yellow and purple dots represents the oil fraction out of the first and second hydrocyclone,
respectively. The y-axis shows the oil-in-water fraction, and the x-axis gives the time in years. The exact values

for the volumetric flows and its corresponding mass fractions are given in Appendix C.2.
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Case 2: Oil fractions for year 2 to 10
T T
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Figure 12: Graphical representation of the of the oil-in-water content for year 2-10 for case 2.

Figure [I3]shows how the liquid flows change during years 2 to 10. The blue dots represents the inlet flow from the
reservoir. The orange, yellow and purple dots represents the outlet liquid flows from the gravity separator as well

as the first and second hydrocyclone, respectively.
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Case 2: Liquid flows year 2 to 10
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Figure 13: Graphical representation of the inlet liquid flow and outlet liquid flows for the gravity separator, first and second

hydrocyclone in case 2.

6.3 Case3

The flow sheet for the water treatment process in case 3 is shown in Figure [T4]

Gas outflow

Qil outflow

Qil well
Qo » X

q1, X

qQa. %z
Waste water

Q3. %3

Figure 14: Flow sheet of the subsea separation and water treatment in case 3, with two gravity separators and two flotation
units. The dark blue line represents the well stream, the yellow line represents the gas outflow, the black line represents the oil

outflow and the light blue line represents the water outflow.
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Table @ shows the oil mass fractions for the inlet z(, outlet gravity separator, x1, outlet of first flotation tank, zo
and outlet of second flotation, 3, fractions. Given the design parameters presented, the system reaches a maximum

outlet concentration of 30ppm, which just at the boarder of the required value of 30ppm.

Table 12: Key results from case 3.

Production profile To T To T3

Maximum oil production 0.8861 0.3913  0.0005 ~0
Minimum oil production 0.0449 0.0218 0.0098 0.0044
Maximum liquid production  0.4630 0.2546 0.1003  0.0300

Figure [I3] gives a graphical representation of the evolution of the outlet oil fraction from the different units. The
blue dots represents the oil fraction out of the reservoir, the orange dots represents the oil fraction out of the gravity
separators, the yellow dots represents the oil fraction out of the first flotation unit and the purple dots represents the
oil fraction out of the second flotation unit. The y-axis shows the oil fraction in the water outflow, and the x-axis

gives the time in years. The exact values for the volumetric flows and it’s corresponding mass fractions is given in

Appendix C.3.

Case 3: Oil fractions for year 2 to 10
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Figure 15: Graphical representation of the of the oil-in-water content for year 2-10 for case 2.

Figure[T6]shows how the liquid flows change during years 2 to 10. The blue dots represents the inlet flow from the
reservoir. The orange, yellow and purple dots represents the outlet liquid flows from the gravity separator as well
as the first and second hydrocyclone, respectively.

22



Case 3: Liquid flows year 2 to 10
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Figure 16: Graphical representation of the inlet liquid flow and outlet liquid flows for the gravity separator, first and second

IGFE.

As seen in Figure[T3] the flotation units will be most effective during the years with the lowest liquid production.
When the flow is small, the velocity inside the tank will decrease which gives an increased residence time. An

increased residence time will result in more oil-bubble collisions and therefore improve the separation efficiency.

7 Case discussion

Due to sparse sources on subsea water treatment, the discussion is based on available information and simulations.
Practical issues regarding installation and testing is not taken into consideration, and the estimated cost could

therefore be larger than the values presented below.

7.1 Cost

Cost comparison of the three cases are based on the total investment cost. Neither the gravity separator, hydro-
cyclone or flotation unit requires a significant amount of power, and it is therefore neglected when comparing the
different cases. The other fixed equipment like the oil and refining, piping, valves and sand handling systems are
also left out of the cost comparison. The three cases also requires different umbilical lengths and piping systems,

but it is left out of the estimation. The installation cost for single units as well as the total investment for equipment

are shown in Table[13] [T4] and [T3]
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Table 13: Cost estimation for the components used in case 1.

Component Installation cost [USD]
Gravity separator x 2 7 183 888
Hydrocyclone 803 981
Flotation unit 2 381 208
Sum 10 369 077

Table 14: Cost estimation for the components used in case 2.

Component Installation cost [USD]
Gravity separator x2 7 183 888
Hydrocyclone 803 981
Hydrocyclone 803 981
Sum 8791 850

Table 15: Cost estimation for the components used in case 3.

Component Installation cost [USD]
Gravity separator x2 7 183 888
Flotation unit 2 381 208
Flotation unit 2 381208
Sum 11 946 304

Comparing the cost estimations and total equipment costs, case 2 with two hydrocyclones in series yields the lowest
total equipment cost. Case 3 was, on the other hand, the most expensive alternative. Flotation devices are often

more expensive compared to hydrocyclones due a more complex inner structure and size[20]. Looking exclusively

at the cost, case 2 is the obvious choice.

7.2 Operation

To minimize the need for maintenance a subsea plant should be simple and robust[14]. The water treatment system

also needs to be reliable and able to handle the changing flow rates and composition during the plants lifespan.

These are the two main criteria when evaluating the cases.

Comparing the operation performance, case 2 yields the overall lowest outlet concentration. In addition, given that
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the flow in each liner does not exceed a certain maximum value, hydrocyclones operates with the same efficiency
independent of the inlet oil concentration and liquid flow, which gives a steady and predictable efficiency during
the whole lifespan of the plant. Even though wax and sand handling are out of the scope for this project, a
practical problem with hydrocyclones are blockage. The blockage can therefore affect both of the units making
the system less robust. This would also contribute with a higher maintenance and inspection cost. Regular back
flushing and automatic cleansing are therefore required which could result in less operating time[17]. In addition,
hydrocyclones are only effective for a certain size range of oil droplets. To what degree the model describes the
bubble distribution is questionable, and a deviation from the real distribution could cause the final concentration
to be much larger than the model predicts. Taking all factors into consideration, case 2 represents an efficient and

low cost alternative.

The counterpole of case 2 is case 3, with two flotation units in series it represent the most expensive and least
effective alternative. Flotation units are also more affected by the liquid flow rates compared to hydrocyclones,
making the water treatment system more vulnerable during the years with large liquid production. A possible
solution is to increase the dimensions, but since the process will be located subsea this can be inconvenient.
However, the efficiency can also be controlled by increasing the gas stream, thus making the units more adaptable
for coping changing flow rates. Flotation units also allows for the possibility of recycling. Even though this will
increase the flow velocity inside the unit, thus resulting in a lower residence time, obtaining an acceptable oil
removal can be compensated by increasing the gas stream. Therefore, case 3 also represent a possible alternative,

but is rejected because of the relatively large cost and overall poor efficiency.

Case 1 represents the middle path between case 2 and 3, both in terms of investment cost and outlet oil concen-
tration. By placing them in series, with the hydrocyclone taking care of the main separation and the flotation unit
removing the remaining oil of all sizes, makes the system able to cope with both different flows and variable oil

droplet distributions.

7.3 Case conclusion

All the cases have their advantages and disadvantages. Case 2 represents the most economical solution, but could
provide problems if the real oil droplet distribution deviates from what the model assumes. Being precautionary, a
flotation unit could be necessary to ensure the most reliable water treatment system. All taken into consideration,
even though the investment cost is larger for case 1, the advantages outweighs the price difference. Case 1 was

therefore chosen to be the best alternative for this plant.
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8 Cost Estimation

Subsea cost is a term that describes the whole project, from the strategy selection to the abandonment of the project.
For a subsea field development, both the capital expenditures(CAPEX) and the operation expenditures(OPEX) are
a part of the cost. For a typical project, the CAPEX is usually the 2 to 3 first years of the project, and it includes
strategy selection, bids, exploration and operation, feasibility studies and project execution. The OPEX, typical the
next 5 to 50 years, includes production and maintenance, and abandonment of the project. A full cost estimation

was only performed for Case 1, which will be presented in this chapter.

8.1 Capital Expenditures(CAPEX)

The CAPEX of this project includes the necessary equipment to perform subsea separation. This includes gravity
separators, a hydrocyclone and an induced gas flotation unit for the water treatment. Also, it includes flowlines
and riseres, umbilicals included electrical power cables, subsea hardware, control equipment, testing cost and
engineering, insurance and contingency[14]. In addition to this, drilling, subsea trees and manifolds are a big
part of the regular CAPEX cost for a subsea system. In this case, an already existing oil field with necessary
infrastructure is assumed to be available. Therefore, these costs are neglected in this project, as they are already

installed. For the sand handling, this is out of this projects scope and neglected.

The CAPEX costs is calculated using different methods. The gravity separator is estimated based on size and
required shell mass. The IGF unit and hydrocyclone are based on historical values. All the estimated costs for the
water treatment system are scaled to account for subsea instalment, process control, material, engineering work,

insulation and inflation.

The remaining cost were found from a CAPEX example presented in the Subsea Engineering Handbook[[14]], which
summarised the main expenditures regarding subsea oil production systems. These values is based on a previously
executed project in the Gulf of Mexico during 2007. The facility was installed at a water depth of 1371 meters.
Since the presented example includes the additional expenditures for subsea instalment and splits the equipment,
process control, testing and engineering work into different sections, the values were only scaled accordingly to

the 2018 Chemical Engineering Plant Cost Index, CEPCI.

8.1.1 Gravity Separator

The gravity separator was cost estimated with the use of correlations from purchased equipment cost for common

plant equipment, and then further scaled to installed cost in current time. The correlations used represented a
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horizontal pressure vessel made of stainless steel. A detailed calculation of the cost estimation can be seen in

Appendix D.5. The final cost of the gravity separator is shown in Table[T6]

Table 16: Cost estimation gravity separator.

Component Installed cost [USD]
Gravity Separator 3591944

8.1.2 Hydrocyclone

The cost estimation for the hydrocyclone take basis in historic cost data. Estimating based on the inlet flow resulted
in an installed cost of 367 880 USD. Due to the relative low cost compared to the other units, the estimation was
also compared to different historical costs. A beef processing facility published purchase and instalment costs of a
similar hydrocyclone used in deoiling which yielded a final cost of 500 194 USD. The cost was also estimated based
on body diameter and number of liners which is presented in Table[d4] and was chosen for further calculations. A

detailed calculation of the cost estimation can be seen in Appendix D.6.

Table 17: Cost estimation hydrocyclone.

Component Installation cost [USD]
Hydrocyclone 803 981

8.1.3 Induced Gas Flotation unit

The cost estimation for the flotation unit take basis in historic cost data[32]. The data was given for a dissolved gas
flotation unit, which is a similar process to induced gas flotation[34]]. Dissolved gas flotation units often requires
a higher capital cost, and the final cost could therefore be an overestimation[40]. The reference cost includes all
necessary tankage, pumps, motors, and control instrumentation, and is shown in Table 6] A detailed calculation

of the cost estimation can be seen in Appendix D.7.

Table 18: Cost estimation for the induced gas flotation unit.

Component Installation cost [USD]
Induced gas flotation 2 381 208
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8.1.4 Flowline and riser

The pipeline transporting both oil and gas to the FPSO, is set to be 12inches (0.3048m) for the whole design. The
flowline is assumed to be rigid, while the riser is assumed to be flexible. The final installed cost is shown in Table

[I9] A detailed calculation of the cost estimation can be seen in Appendix D.8.

Table 19: Cost estimation for flowline and riser.

Component Installed cost

Flowlines and riser 135 348 043

8.1.5 Umbilicals

The cost of the umbilical includes electrical power cable, signal cable and conduit for hydraulic control fluid. The

final installed cost is shown in Table[20] A detailed calculation of the cost estimation can be seen in Appendix D.9.

Table 20: Cost estimation umbilical.

Component Installed cost [USD]
Umbilical 258 022 426

8.1.6 Subsea Hardware

Subsea hardware is necessary for instalment of the separator and water treatment units and is therefore included
in CAPEX. Suction piles used as a foundation for pipelines initiations and terminations and effective anchors[43]].
Pipeline End Termination (PLET) are used in new constructions where the pipeline terminates or needs to be
jumpered to a different location like a tank or a refinery[44]. Pigging is required to to recover residual liquid in
pipelines[45]. Flying Leads are used to link subsea structures such as manifolds, trees and umbilicals[46]. A
multiphase flowmeter is a device used to measure the flow of different phases before the separation of oil, water
and gas[47]]. The estimated costs excludes testing and control equipment. The cost for the individual components

and the total cost estimation are shown in Table 211
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Table 21: Hardware cost.

Hardware type Installed cost USD]
Suction Pile 1 125 485
Production PLET 3903 597
Production Tree Jumpers 1097 544

Pigging 485 708

Production PLET Jumpers 2022 353
Multiphase Flow Meter 1 040 229
Flying Leads 1403 515
Sum 11 078 413

8.1.7 Control equipment

The topside control equipment includes a hydraulic power unit, master control station, umbilical termination as-
sembly(SUTA), and an electrical power unit[[14]. The required units and the final instalment cost is presented in

Table 221

Table 22: Control equipment installed cost.

Control type Installed cost [USD]
Topside control 3340 107
Tree-Mounted control 5750 037
SUTA 3111764
Sum 12 201 908

8.1.8 Testing cost

Testing necessary equipment before production starts is a crucial before production start. The values were obtained
using historical cost data[[14]. Table[52]presents the main testing costs for hardware and commissioning. The values
refer to either Factory Acceptance Testing(FAT), Site Integration Testing(SIT) or Extended Factory Acceptance
Test (EFAT). Where SIT is testing to verifying the whole system works together independently of the suppliers.
FAT and EFAT includes testing of subsea installation equipment before instalment to check for required efficiency
and function. To what extent the testing cost gives a correct estimation is questionable. Building a project upon new
technology will contribute with a much larger testing cost. Taken into consideration that subsea water treatment is

relatively unexplored area, the final testing cost could possible be much higher than the values estimated in Table
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Table 23: Testing cost.

Type Final cost [USD]
Subsea Hardware FAT, EFAT 30 536 850

Tree SIT and Commissioning 984 799

PLET SIT 636 460

Control System SIT 267 624
Sum 32425733

8.1.9 Engineering, insurance and contingency

Based on historical cost data, the engineering work, insurance and contingency cost was estimated[14]]. The engi-
neering work will be dependent on the technology development and a well tested subsea facility based upon tested
technology will require less engineering hours. Since there are generally little subsea water treatment experience
to build upon, the total engineering cost could therefore be much higher than presented([7]]. Table 24] summarises

the estimations.

Table 24: Engineering, insurance and contingency costs.

Type Final cost [USD]

Engineering and Project Management Cost 5333030

Insurance 6755172
Contingency and Allowance 14 135 577
Sum 26 223779

8.1.10 Total installation cost

The total CAPEX was obtained by summarising all the individual costs and is shown in Table [25]
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Table 25: Total installation equipment cost.

Type Cost[USD]
Gravity separators 7 183 888
Hydrocyclone 803 981
Flotation Unit 2 381 208
Flowline and Riser 135348 043

Umbilicals 258 022 426
Subsea Hardware 11 078 413
Control equipment 12 201 908
Testing Cost 32425733

Engineering, Insurance and Contingency 26 223 779
Total Cost 485 669 379

8.2 Operating expenditures (OPEX)

The operating costs are the costs of producing the product. It is necessary with an estimate of this cost to evaluate
the viability of the project, and to choose between different processing schemes. The operating costs are divided
into two types of costs: the fixed operating costs and the variable operating costs. The fixed operating costs do not
vary with the production rate, and the variable operating costs is varying with the amount of produced product.
The fixed costs include among others maintenance, operating labour, laboratory costs, supervision and insurance.
The variable operating costs contains raw materials, miscellaneous operating materials, utilities and shipping and
packaging[[15]]. The variable chemicals is approximately 2% of the OPEX[14] and is neglected. The main operating

costs are maintenance and power cost, and are therefore the only costs considered as operating costs in this case.

The maintenance cost for a plant consists of the cost of maintenance labour and material used for maintenance of
the process. For chemical plants, this is the main annual cost. The maintenance is usually estimated to be between
3% to 5% of the ISBL investment for onshore plants. This value vary with the plants reliability, and the amount of
solids handling or moving equipment[16]]. For this subsea process, it is assumed that the maintenance cost is 5%

of the total CAPEX.

A previous thesis written about subsea separation, investigating boosting and fluid transport with a similar design,
concluded with an annual power cost of 3 149 856 USD for year 1-6 and 2 725 142 USD for later production[61].
Using an average will provide sufficient information considering power cost is out of this projects scope. This
was calculated by the assumption that the plant operates 8000 hours per year [61]. The total annual OPEX cost is
shown in Table
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Table 26: Total annual operating expenditures(OPEX) for unit costs and total cost.

Type Cost [USD]
Power 2937 499
Maintenance 24 283 469

Total annual OPEX 27 220 968

9 Investment Analysis

An investment analysis was performed to investigate the projects profitability. The assumptions for the analysis is

presented below.
e The plant has an economical lifetime of 10 years.
e The present value of the equipment after 10 years is zero.
e The discount rate equals 10% in the NPV calculations[S0].
e The marginal tax rate is 78%|[31]].
e The cashflow is only determined by the oil and gas production.
e No loans are raised, which means that the equity covers 100% of the total investment.
e 8000 working hours a year.
e Zero working capital, due to low labour costs.

e Depreciation is neglected.

9.1 Profitability of the project

The profitability of the project depends on sales revenue, CAPEX and OPEX. There are four main measures to
evaluate the profitability: Net Present Value(NPV), Return on Investment(ROI), Internal Rate of Return(IRR) and
the pay-back time(t,;). These indicators were calculated using the detailed procedure shown in Appendix D, and

are given in Table
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Table 27: Profitability measures: Net present value, return on investment, internal rate of return and payback time.

Profitability measures ~ Value Unit
NPV 658.27 mill. USD
ROI 38.07 %o
IRR 37.67 %
b 3.12 years

To visualise the profitability of the project, a cash flow diagram was plotted, as shown i Figure[I7} The cash flow

accounts for the total investment, operating costs, income and taxes.

Cash Flow Diagram
800 T T T T T T

600

IS

)

3
T

N

3

3
T

Discounted After Tax Cash Flow [mill. USD]

o
3
S

600 | | 1 | | ! ! !
0 4 6

5
Time [years]

Figure 17: Cash flow diagram when CAPEX, OPEX, taxes and net income is the only factors that is taken into account.

Year zero accounts for the total investment cost, and the following years accounts for the net cash flow in each year.
The shaded area below the intersection of the x-axis represents the payback of the total investment. The crossing
point of the x-axis is therefore equivalent to the pay-back time, here approximately 3 years. When the cash flow is

positive the shaded area represents the total profit.

9.2 Sensitivity analysis of the investment

The sensitivity analysis investigates how the viability of the project changes with uncertainties in different param-

eters. The analysis takes basis in how the total NPV changes if the CAPEX, OPEX or oil price varies in the range
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of & 60% and is presented in Figure[T8]
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Figure 18: Sensitivity analysis. CAPEX, OPEX and the oil price varies in the range of &+ 60%.

The steeper curve, the higher degree of sensitivity. From the sensitivity analysis it can be seen that a deviation in
the oil price has the largest impact on the total net present value. The break-even oil price was found, from reading

directly of the graph, to be approximately 28.14 USD/bbl.
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10 Discussion

The goal of the subsea separation and water treatment system was to make an adaptable and robust system able
to cope with changing inflow and composition. Case 1 had all these capabilities. According to the simulation
results, the oil-in-water fraction achieved the disposal requirement. The system also benefited from the fact that the
hydrocyclone operated with the greatest efficiency during the years of large liquid production, while the efficiency
of the IGF unit peaked during the years with lowest liquid production. The system was also capable of treating all

ranges of oil emulsions and took into account that the distribution used in simulations could be inaccurate.

There are also uncertainties linked to the model results. Since the efficiency of the gravity separator is user speci-
fied, the actual separation will deviate from the model results. The constant was, however, chosen pessimistically.
After consideration and guidance, the constant was lowered to yield a lower efficiency to rather underestimate the
performance. There were multiple sources claiming a 90% efficiency for the hydrocyclone under certain liquid
flows [17][31][33]], which are consistent with the results. The main source of error is, however, the oil droplet
distribution. A distribution shifted towards the left, that is, the emulsion generally consists of smaller oil droplets,

will result in an overall poorer oil removal.

Since the model describing the gas flotation was based on physical descriptions, the results are uncertain. The large
liquid flow will produce turbulence inside the tank which inhibits the possibility for oil and gas bubbles to interact
and collide[20]]. This is inconsistent with the assumption of laminar flow and could result in an overestimated
performance. In addition, it was assumed that the tank had no internal configuration. In practice, IGF units
typically have protruding walls, making the overall path larger to increase the residence time and efficiency([20].
The possibility for detachment of oil from gas bubbles, once captured, is also neglected and will accordingly
overestimate the overall efficiency. However, when examining the performance for case 3, both units operated
with a removal efficiency of 50% which is consistent with experimental values under similar conditions[S9]]. It is
hard to determine if the compliance is random, but indicates that the model could give a reasonable estimate of the

performance under certain conditions.

Besides making a robust separation and water treatment system, the project also has to be financially viable.
According to the profitability analysis, a subsea facility with fully integrated separation and water treatment system
still gave a large net present value, return of investment and a low payback time. There are, however, major
uncertainties linked to the estimates. Since subsea separation and water treatment is a relatively unexplored field,
the testing and engineering costs could potentially be much higher than estimated. In addition, the operating costs
could deviate in case of unpredicted events linked to the separation system. Untested technology usually requires
several improvements before the reliability is acceptable. New technology do also, in general, contribute with a

larger longevity uncertainty.
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Considering the total cost, the project is profitable. In what degree the estimated cost gives a realistic picture of
the total cost is however questionable. The major cost estimations were obtained from a subsea project based on a
different geographic location with a water depth of 1371 meters. Sea depth is usually one of the largest cost driving
factors, and could contribute to a higher CAPEX than predicted[[14]. There are, however, several reasons to believe
that the total cost is underestimated instead of overestimated due to engineering and testing costs. Choosing a fixed
5% of maintenance is also both an oversimplified and inaccurate estimate. However, as presented in the sensitivity
analysis, the OPEX does not have a large impact on the total profitability. The most critical factor when considering
the profitability is the oil cost. During the last years, the oil price has been a roller coaster of fluctuations[8]]. From
the sensitivity analysis, a 58% decrease in oil price, that is, an oil price of 28.14 UbSTlD, will result in a negative net
present value, given that OPEX and CAPEX remain constant. At the 17th of January 2016, the oil price dropped
USD

to an all time low of 28.91=7=[41]]. Therefore, even tough the oil price has shown an increasing trend during the

last years, investing in the petroleum industry will be linked to major uncertainties[41]].
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11 Conclusions and Recommendations

A subsea separation and water treatment system is a possible solution in the future. Since physical maintenance
and inspections are limited subsea, adopting existing and proven technology can contribute with a more predictable
system. By making smart design the process can achieve the disposal criteria for all liquid flows and compositions.
A subsea separation and water treatment system could also contribute with a profitably and robust solution. Case
1 fulfilled all these requirements. However, the lack of available subsea water treatment information makes it

difficult to decide which case would work in practice.

As of now, when the technology is still in research phase, it is difficult to make a decision whether a fully inte-
grated subsea separation and water treatment system is viable and profitable. The area does, however, have a lot
potential. Given that other technology challenges, like a reliable measurement device to constantly monitor the
oil-in-water content, gets solved, subsea water treatment systems could in the future provide cheaper and more

efficient solutions.
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List of Symbols

Table 28: List of Symbols.

Symbol Description Unit
a Cost constant -
A? Vapour cross-sectional area m?
AL Liquid cross-sectional area m?
b Cost constant -

c3, C4, Cs Empirical constant -
CAPEX; Capital expenditures of period i USD
CF Net annual cash flow USD
CF, Average cash flow USD
Co Historical cost USD
(& Historical installation cost USD
Cy Installation cost in 2018 USD
Chrnise Miscellaneous cost USD
d Drop diameter m
drs Droplet diameter when 75% of the drops are separated m
d;5 Reduced drop diameter m
D Diameter m
D, Body diameter m
D, Vessel diameter m
D, Inlet diameter m
E Capture efficiency -
fe Civil engineering work installation factor -
fel Electrical work installation factor -
fer Equipment erection installation factor -
fi Instrumentation and process control installation factor -
Jinst Installation factor -
fm Material installation factor -
fi Lagging, insulation or pain installation factor -
o Piping installation factor -
fs Structures and buildings installation factor -
fsize Size factor -
Fsub Subsea installation factor -
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Peat
db
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a
qi

din
4o
qw

Ry
ROI

flow line type factor

Factor: cross-sectional area occupied by vapour

Lang factor
Gravity constant
Water depth
Height of tank
Liquid vessel height
Investment
CEPCI index for year i
CEPCI index for reference year
Separator performance constant
Internal Rate of Return
Length
Vessel length
Migration probability
Net Present Value
Hydrocyclone number
Net Income for a period i
Exponential cost factor
Inlet Reynolds number
Operational expenditures of period i
Pressure
External pressure
Bulk volumetric flowrate
Vapour volumetric flowrate
Liquid volumetric flowrate
Volumetric flowrate of component i
Volumetric inflow
Oil volumetric flowrate
Water volumeric flowrate
Radius
Droplet radius
Return On Investment
Revenue of period i

Interest rate
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Us

Ut

Vi
‘/col

Pb,o
Pin
Pg
Pm
Pl
Po
2
Pw

Tact

Ty

Radius of gas bubble
Radius of oil bubble
Temperature
Time
Liquid hold-up time
Pay-back time
Rate of taxation
Wall thickness
Size parameter
Settling velocity without demister pad
Settling velocity with demister pad
Hold-up volume
Volume of collision cylinder
Volume of i
Vessel volume
Velocity of oil water bulk flow
Gas velocity
Oil velocity
Relative velocity
Vapour velocity
Inlet velocity
Mass fraction of component i
Oil droplet distribution function
Number of collisions per unit time
Density of oil bubbles in tank
Inlet density
Gas density
Metal density
Liquid density
Oil density
Vapour density
Water density
Residence time
Actual residence time

Vapour residence time
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Dynamic viscosity of fluid

Standard deviation

Pa-s

List of Abbrevations

Table 29: List of Abbrevations.

Acronym

Description

CAPEX
CEPCI
DAF
EFAT
FAT
FEED
FPSO
GOR
HIPPS
HSE
IGF
IRR
ISBL
NSF
NTP
OPEX
PSV
PWRI
PLET
QA
ROI
SIT
SUTA

Capital expenditures
Chemical Engineering Plant Cost Index
Dissolved Air Flotation
Extended Factory Acceptance Test
Factory Acceptance Testing
Front-End Engineering Design
Floating Production, Storage and Offloading
Gas Oil Ratio
High Integrity Pipeline Protection System
Health and Safety Executive

Induced Gas Flotation
Internal Rate of Return
Inside Battery Limits
Nut Shell Media Filtration
Normal Temperature and Pressure
Operation expenditures
Pressure Safety Valve
Produced Water Injection
Pipeline End Termination
Quality Assurance
Return On Investment
Site Integration Testing

Subsea Umbilical Termination Assembly
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A  Models

A.1 Gravitational separator
A.1.1 Simulation

The simulation of the three-phase gravity separator is based on the two-phase separator model from Worsz-Case
Design of Subsea Production Facilities Using Semi-Infinite Programmingll60]]. It was simulated by simplifying
the separator as a two-phase (liquid-liquid) separator in an empirical model. This empirical model is only
dependent on the residence time, the volume of the horizontal vessel, oil- and water-volumetric flows and the

mass fraction of oil in the inflow. It also require a user specified performance constant.

In the two-phase separator, the rate of oil separation is given,

dz,
dr

= —kr 2)

where k is the separator performance constant, and 7 is the retention time. z, is the outlet fraction of oil-in-water.

The retention time is defined as the amount of time the liquid stays in a vessel. The retention time is calculated as,

V.
T=—" 3)
Go + qu
where V,, is the volume of the vessel, ¢, is the volumetric flow of oil and g, is the volumetric flow of water.
Solving equation [2] gives the simple exponential equation for the mass fraction of oil in the water outflow,
To = Lo inexp[—kT] %)

where z, iy, is the mass fractions of oil in the inflow.

A.1.2 Efficiency constant used in simulation

Table [30] gives the empirical constant used to calculate the separation efficiency[17]. The constant is user

specified, and was chosen due to reasonable results and guidance.
Table 30: Gravity separator parameter.

k[-] 0.03



A.2 Hydrocyclone
A.2.1 Simulation

The hydrocyclone was simulated using an empirical model derived from experimental results published by Petro
Water Tech[[17]. The model is based on the particle cut size, d75, which is the oil particle diameter were the
hydrocyclone operates with an efficiency of 75%. An article published by L.R.Castilho and R.A.Medronho also
used a similar model but with a cut size of 50%, but with empirical constants based on a solid-liquid

hydrocyclone[19]].

Figure |19|shows the correlation between the inlet Reynolds number and the hydrocyclone number, N, .
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Figure 19: Correlation between hydrocyclone number and inlet Reynolds number[[17].

Inlet Reynolds number is given by,

in Ui D'n
Npm, = % 5)

where p;y, is the inlet density, v, is the inlet velocity, D;,, is the inlet diameter and 4 is the dynamic viscosity of

water. The inlet density is approximated using the average between the two phases,

Pin = LTwPw + ToPo (6)

where x,, and x, are respectively the mass fractions of water and oil.

The inlet velocity is given by,
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where ¢;,, is the volumetric flow at the inlet, which is found by dividing the total volumetric flow by the average
number of required liners.
The hydrocyclone number can then be approximated from Figure[19|and is given as,

qApd3;
N =
v = D3

(®)
where Ap is the density difference between water and oil, D, is the body diameter of the hydrocyclone and d5 is
a parameter describing the drop diameter for which 75% of the drops are separated.

From d75, the migration probability can be calculated trought the empirical formula,

M, (d) = 1 — efs(dra=ca)® )

where d;g, is the reduced drop diameter and cs, ¢4 and c5 are empirical constants. The migration probability is the
probability for an oil particle to migrate to the core of the hydrocyclone, which is equivalent to the separation

efficiency.

The reduced drop diameter is defined as,

dre = — 10
(. (10)

where d is the drop diameter. The fraction out of the hydrocyclone can then be calculated from the bubble

distribution, y(d), given,

150

Tour = »_ y(d)(1 = My(d)) (1)
d=1

A.3 Induced Gas Flotation
A.3.1 Simulation

The efficiency of oil removal is primarily a function of the probability of collision between a gas bubble and oil
droplet. As a basis to determine the collision frequency a simple system with only one moving gas bubble in the

tank was modelled. An illustration of this process is shown in Figure[20] Assuming that the gas bubble has a one
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dimensional trajectory moving upwards in the tank, the collisions frequency for a single gas bubble is given

as[22],

cholpb,o

Z9= "

(12)

where V., is the volume of the collision cylinder, p; , is the density of oil bubbles in the tank and At is the time
interval. The unit for Z, is the number of collisions for one gas bubble over the density of oil bubbles per unit

time.
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Figure 20: Illustration of the principle of a collision cylinder in a flotation tank.

The volume of the collision cylinder is given as[22]],

Veor = (1} + r2)vpe At (13)

As the equation is sourced from an article based on gas collision, there was made a modification. The Equation [[3]
is originally multiplied with v/2 to account for the fact that collisions might occur in from all directions, but as
motion of the bubbles in the flotation tank mainly will be one directional, this term was omitted. 7, and r, are the
radius of oil and gas bubbles and is assumed to be constant. v,..; is the relative velocity. Because of the counter

current flow of oil and gas, the relative velocity will be the sum of the individual flows,
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Urel = Vo + Vg (14)

where v, and v, are respectively the velocity of oil and gas. As the oil follows the bulk flow of the inlet stream the

velocity will be given by,

4o
. = — 15
v A (as)

where A is the area of the tank, and g, is the volumetric flow rate of oil. The velocity of gas bubbles will rise

according to stokes law[13]],

2 (pw — Pg)Tag

9 p (16)

Ug:

where (i is the dynamic viscosity of water and g is the gravity constant.

To account for all the collisions in the tank, Equation [I2]is multiplied by the gas bubble density, p, , as well as
multiplying by a factor of % to avoid counting each collision twice[22],
1
Zgo= §Zipb,g 17

Inserting Equation [17]into [12] yields the equation for the total number of collisions in the flotation unit,

1
Zgo= iw(rg —|—r3)vrelpb’gpb,g (18)
However, a collision between a oil and a gas particle does not necessary result in capture. To account for this, the
equation is multiplied by the capture efficiency, E, which describes the number for how many of the collisions
result in attachment[20],

1
Zyo= Eiw(rg + rg)vmlphgpb,g (19)

Equation [T9 will be the basis for describing the the number of gas-oil attachments per unit second.



B Size estimation of equipment

B.1 Gravity separator

The size of the horizontal three-phase gravity separator is calculated following the procedure for a horizontal
two-phase gravity separator in Chemical engineering design[16l]. An illustration of a horizontal two-phase

separator is shown Figure [21]

Inflow \ Vapour outflow

Liquid level

Liquid outflow

/

L,

Figure 21: Horizontal two-phase separator.
The settling velocity, u;, of the liquid droplets is calculated by

up = 0.07(%)”2 (20)

where p; is the liquid density and p,, is the vapour density.

If the vessel does not have a demister pad,

us = 0.15u; 2y

where the factor provides a margin of safety and allows flow surges.

The vessel diameter in the horizontal separator is dependent of the length. The separator requires a sufficient
vapour residence time for the liquid droplets to settle out, and a determined liquid hold up time. The diameter,
length and the liquid level must therefore be chosen to fulfil these requirements. The most economical ratio
between the length and diameter will depend on the operating pressure. The relation between the length, L,,, to

the diameter, D,,, ratio and the operational pressure are given in Table @
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Table 31: The relation between the length to diameter ratio and the operational pressure.

Operating pressure [bar] éf;
0-20 3

20-35 4

>35 5

The operational pressure in the separator in this case is >35 bar, which leads to 7*

The liquid height, h,,, can be calculated by,
hv = f v D v (22)

where f,, is the fraction of the total cross sectional area occupied by the vapour. The fraction is assumed to be half

of the vessel, f, =0.5. This is inconsistent with the GOR, but is sufficient for preliminary designs.

The cross sectional area for vapour flow is given by,

nD?
Ap==70 (23)
The vapour velocity is given,
Gv
v -— (24)
v Ag
where ¢, is the volumetric flow rate of vapour.
Vapour residence time, 7, required for the droplets to settle to liquid surface is given,
h.
Ty = — (25
Us
Actual residence time is given by,
L
Tact = = (26)
Uy
For a separation which is satisfied, the actual residence time is equal to the required vapour residence time,
27

Tact = Tv
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Solving equation[27] gives the vessel diameter, D,,. Now that the diameter is known, the length of the vessel can

be found from the ratio between the length and diameter.

Liquid cross sectional can be calculated by,

D2
Ap= T2 (1 )
4
The liquid hold-up volume is given by,
‘/h = AICLU
and the liquid hold-up time is given by,
tp = E
aQ

where ¢; is the volumetric flow rate of liquid.

Liquid hold-up time is required to be minimum 3 min[27]. If the hold-up time is lower than 3 min, the liquid

(28)

(29)

(30)

hold-up volume has to be increased by increasing the vessel diameter. This can be done by calculating the diamter

with the factor

Fo (g)fu

The new vessel diameter is then multiplied with the factor, f, and a new liquid hold-up time is found. The

calculations continues until the hold-up time is satisfied.

B.2 Hydrocyclone

B.2.1 Sizing and droplet distribution

€2y

According to Rietema[19], the geometric relationships in a hydrocyclone is derived from the body diameter, D,

as shown in Figure 22}
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Figure 22: Geometric relationship in hydrocyclone.

Choosing the geometry is necessary for obtaining the optimal separation efficiency. A small inlet diameter will
result in a higher radial velocity thus creating more force and a greater separation. However, a small inlet
diameter also require more liners. The diameter of the early deoiling hydrocyclones were typically around 120
mm and was therefore able to treat large capacities, but had a lower separation efficiency. However, modern
hydrocyclones usually have a diameter ranging from 40 to 50 mm bundled together into a single vessel to provide

the same capacity[18].

Hydrocyclones are configured in a way where it is easy to install more liners when the flow rates increase[17].
However, installing more liners would add a significant cost as the hydrocyclones will be located subsea. As seen
in Figure 23] the inlet needs a certain minimum and maximum flow to maintain a high efficiency. As the flow
rates will change during the lifespan of the oilplant, the optimal number has to lie in a range which fulfils the
condition for a certain flow rate. There are two limiting cases which determines the number of liners; the year

which yields the smallest liquid production, and the years which gives a largest liquid production.
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Figure 23: Hydrocyclone efficiency as a function of inlet flow rate[[17].

The number of liners was found by dividing the total inflow from the gravity separator by the maximum and

minimum flow rate as shown in Figure 23]

Table 32: Minimum and maximum liners to obtain desired efficiency for year 2 and 21.

Case flow rate [mTz] Min liners Max liners
Minimum liquid production 134.6 15 64
Maximum liquid production 361 40 172

To meet the minimum and maximum inlet flow rate requirement for every year, this hydrocyclone require

between 40 and 64 liners.

B.2.2 Inlet Distribution

After the gravity separator, the oil fraction will mainly be an emulsion of oil in water. As the efficiency
hydrocyclone will vary depending on the radius of the oil particles, a simple distribution was established.
Emulsions normally have a droplet size range that can be represented by a distribution function, as shown in
Figure[24] The distribution will vary depending on the presence of solids, bulk properties of oil and water, and

natural occurring emulsifying agents, but is neglected when establishing the emulsion.[25].
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Figure 24: Distribution of droplet diameters in an oil emulsion[23]].

As a simplification it was assumed that til emulsion follows a normal distributed function, y(d), with the radius
ranging from 1pm to 150um, with expected value, Z, equal to the average value, and standard deviation, o, equal
to 30um, to imitate the distribution curve from Figure[24] The distribution was corrected relative to the mass

fraction, so that the sum of all the fraction would equal the total oil fraction.

N
> y(D=dz,0) =1 (32)
x=1

B.2.3 Efficiency constants used in simulation

Table 33| gives the empirical constants used to calculate the separation efficiency[[17]].
Table 33: Hydrocyclone parameters.

cs[-] -1.2

ca[-] 035

es -] 03
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B.3 Flotation
B.3.1 Sizing and design parameters

To achieve the desired outlet concentration, the inlet bulk flow needs to have a certain residence time in the tank.

To fulfil this condition the height of the tank can roughly be approximated as,

H =1 (33)

where vy, is velocity of the oil water bulk flow, and 7 is the required residence time for separation. By assuming

one dimensional flow in the tank, v, can be found by,

_ D
vb = (34)

where ¢ is the volumetric bulk flow, and A is the cross sectional area.

Petro Water Tech published guidelines, shown in Table [34] for selecting key parameters for a flotation unit. All

dimensions and sizes will therefore be within these ranges.

Table 34: Commercial available maximum and minimum values for flotation units[20]].

min  max
Residence time [sec] 30 240
Height/Width Ratol[-] 1 4
Gas bubble size [um] 30 1200

B.3.2 Residence time and height

Finding the optimal residence time will be directly related the height of the unit. A larger residence time will
consequently lead to higher degree of capture in the tank, but will accordingly require a larger column height.
These values were selected from the limiting cases which is at the start of the lifespan, which yields a low bulk
flow and a high oil inlet concentration and at the end when the bulk flow is large but the inlet concentration is low.
As the water stream increases, the bulk flow velocity in the tank also increases which decreases the overall
residence time. However, since because of the inlet concentration is lower, the requirement for residence will also

decrease.
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Increasing the radius in the tank could be a solution for increasing the residence time. However, this would also
require a larger gas stream to obtain a high concentration of gas bubbles. The gas bubbles also needs to be kept

uniformly distributed in the tank which could be harder with an increasing radius.

By trial and error the year for maximum liquid production and maximum oil content, required a minimum height

of 2 meters and a radius of 0.5 meter to yield an outlet oil concentration under 30ppm.

To what extent the calculated dimensions will match realistic values is questionable. The assumption of one
dimensional flow without any turbulence gives an unrealistic picture. In reality the flow path will be highly
irregular which would also increase the actual residence time. The calculated height of the flotation tank could

therefore be an overestimation.

B.3.3 Gas parameters

As the production facility will be located subsea accessing gas from air or gas tanks will be inconvenient. Instead,
the produced natural gas will be utilised as the gas source. Because of the large gas-oil ratio, access to the gas

stream is assumed to be unlimited.

The efficiency of the flotation unit will vary with the radius of the oil and gas radius. When large gas bubbles,
approximately 700 microns, are used, the capture efficiency is roughly 1 in 10,000. In contrast, small gas bubbles
yields a capture efficiency of 1 in 100[20]. The large deviation is a result of the fact that large gas bubbles rise
faster and create more swirl around their path, and the oil drops tend to dodge the gas bubbles and follow the
streamlines instead[20]. The black line in Figure 25]shows the correlation between capture efficiency and gas

bubble diameter without chemicals and will be used as a basis to determine the capture efficiency.
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Figure 25: Capture efficiency as a function of gas diameter[20].

Different flotation devices will produce different gas bubble sizes. A large gas flow with small bubbles will
according to the model yield the highest collision frequency. Due to the high cost of generation small bubbles, no
machine can produce both small bubbles and a lot of gas[20]. The alleged gas size varied from every source. As
shown i Table [34] the range for available gas sizes is wide. However, other sources claimed that the average bubble
sizes usually lied within the range of 80 and 300 microns[38]], while others just claimed it to be from 70 microns
and larger[40]. Due to disagreement between the sources, an average value of 400 microns with a corresponding

capture efficiency of ﬁ is chosen for the simulation.

An experiment investigating deoiling gas flotation units conduced by R.Mastouril, S.M. Borghei, F.Nadim, and
E.Roayaei supplied a flotation tank with a volume of 14.8L a pure nitrogen gas feed of IOﬁ,and achieved a
separation efficiency of 80%|[12]. Making preliminary estimates, the volume required to handle the inlet stream

from the oil reservoir is approximately 2m?. Scaling the gas feed to obtain the correct dimensions requires a gas

. 3 3 . . . . . . .
stream of approximately 1.2 =, or 0.02". However, since inlet oil concentration investigated in the

experiment was 300ppm, which is 6 times larger than this flotation device averagely has to process, the required

gas stream might be less than 0.02%3.

B.3.4 Oil parameters

Just as in the hydrocyclone, the performance in flotation will depend on the inlet drop distribution. Larger oil
bubbles would increase the probability of collision, but also resulting in a lower bubble density. However as
previously mentioned, larger bubbles will generally create more turbulence, hence decrease the capture efficiency.
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As the model do not take this into account the average oil droplet size was calculated from the outlet distribution

of the hydrocyclone.

C Case data

The case data shown below are the simulations results based on the three models for the separations. The water
production at year one is equal to zero, so the water treatment is not necessary this year. Therefore, year one is not

included in the simulations.

C.1 Casel

Table 35]includes the values for all the volumetric flows with corresponding mass fraction of oil, for the project
from year 2-10. qq is the volumetric flow out of the reservoir, ¢; is the volumetric flow out of the gravity
separators, g is the outlet volumetric flow from the hydrocyclone, and g3 is the outlet volumetric flow from the

induced gas flotation unit. The volumetric flows have corresponding mass fractions of oil, respectively xq, 1, T2

and 3.
Table 35: Volumetric flow, qq;[ng], with corresponding mass fraction, x;[-], for year 2-10 for case 1.
Year o a1 ) q3 To T T2 T3
2 0.0720 0.0044 0.0031 0.0029 0.9598 0.3398 0.0672 0.0113
3 0.0914 0.0171 0.0110 0.0107 0.8861 0.3913 0.0516 0.0237
4 0.1088 0.0459 0.0300 0.0297 0.7340 0.3693 0.0349 0.0272
5 0.1238 0.0704 0.0476 0.0474 0.6262 0.3424 0.0276 0.0238
6 0.1285 0.0791 0.0546 0.0544 0.5856 0.3273 0.0252 0.0222
7 0.1285 0.0835 0.0592 0.0591 0.5495 0.3071 0.0232 0.0206
8 0.1273 0.0872 0.0638 0.0637 0.5091 0.2830 0.0210 0.0189
9 0.1250 0.0901 0.0684 0.0683 0.4630 0.2546 0.0187 0.0169
10 0.1215 0.0922 0.0729 0.0728 0.4095 0.2214 0.0161 0.0146
C.2 Case2

Table [36]includes the values for all the volumetric flows with corresponding mass fraction of oil, for year 2-10. go

is the volumetric flow out of the reservoir, ¢; is the volumetric flow out of the gravity separators, g- is the outlet

XV



volumetric flow from the first hydrocyclone, and g3 is the outlet volumetric flow from the second hydrocyclone.

The volumetric flows have corresponding mass fractions of oil, respectively xg, x1, x2 and 3.

Table 36: Volumetric flow, qi[st], with corresponding mass fraction, x;[-], for year 2-10 for case 2.

Year ) T P a3 To Ty T2 T3
2 0.0720 0.0044 0.0031 0.0029 0.9598 0.3398 0.0672 0.00158
3 0.0914 0.0171 0.0110 0.0105 0.8861 0.3913 0.0516 0.0084
4 0.1088 0.0459 0.0300 0.0291 0.7340 0.3693 0.0349 0.0043
5 0.1238 0.0704 0.0476 0.0464 0.6262 0.3424 0.0276  0.0030
6 0.1285 0.0791 0.0546 0.0534 0.5856 0.3273 0.0252 0.0026
7 0.1285 0.0835 0.0592 0.0580 0.5495 0.3071 0.0232 0.0024
8 0.1273 0.0872 0.0638 0.0626 0.5091 0.2830 0.0210 0.0021
9 0.1250 0.0901 0.0684 0.0673 0.4630 0.2546 0.0187 0.0019
10 0.1215 0.0922 0.0729 0.0719 0.4095 0.2214 0.0161 0.0016
C.3 Case3

Table [37]includes the values for all the volumetric flows with corresponding mass fraction of oil, for year 2-10. go
is the volumetric flow out of the reservoir, ¢; is the volumetric flow out of the gravity separators, g2 and g3 are the
outlet volumetric flows from respectively the first and second induced gas flotation units. The volumetric flows

have corresponding mass fractions of oil, respectively xg, 1, x2 and 3.

Table 37: Volumetric flow, qi[mT3], with corresponding mass fraction, x;[-], for year 2-10 for case 3.

Year qo Q qo q3 Zo x1 T2 z3

2 0.0720 0.0044 0.0029 0.0029 0.9598 0.3398 0.0000 0.0000
0.0914 0.0171 0.0104 0.0104 0.8861 0.3913 0.0000 0.0000
0.1088 0.0459 0.0301 0.0290 0.7340 0.3693 0.0386 0.0007
0.1238 0.0704 0.0511 0.0469 0.6262 0.3424 0.0948 0.0139
0.1285 0.0791 0.0599 0.0545 0.5856 0.3273 0.1118 0.0228
0.1285 0.0835 0.0652 0.0595 0.5495 0.3071 0.1126 0.0269
0.1273 0.0872 0.0698 0.0644 0.5091 0.2830 0.1046 0.0289
0.1250 0.0901 0.0746 0.0692 0.4630 0.2546 0.1003 0.0300
10 0.1215 0.0922 0.0786 0.0740 0.4095 0.2214 0.0876 0.0299

O o0 9 N W B~ W
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D Cost estimation

D.1 Methods for cost estimation

For the different phases in the project, there are different methods to perform the cost estimation. The cost
estimation also depends on the amount of data and resources available. Two different methods for cost estimation
are: cost-capacity estimation and factorial estimation. The first method, cost-capacity estimation, has a +30 %
accuracy range, and is based on an estimation of the order-of-magnitude. With knowledge of costs of earlier

projects with the same manufacturing process, an estimate of the cost can be made by,

Sayn
C) = Co(s—j) = aSy (35)

where C' and Cj is the ISBL cost of the plants with capacities S5 and .S;. The exponential cost factor, n, varies
from process to process, and usually take a value between 0.5 and 0.9. An average in the whole chemical industry

is n= 0.6. a is a cost constant[15]].

The factorial method is based on an estimate of the purchase cost of the major required equipment for the project,
while the rest of the costs are being estimated as factors of the cost of equipment. This method also has an

accuracy of +30 %. A quick estimate of the fixed capital costs is given by,

c=F() C) (36)

where C is the total plant ISBL capital cost, > _C, is the total delivered cost of all major equipment and F is an

installation factor, the Lang factor”, and is dependent of process type.

For more accurate estimates, one can take out the different individual factors from the "Lang factor”. Typical
factors that are included in this estimation can be equipment erection, piping, instrumentation and control,
electrical, civil and structures and buildings and lagging’s and paint. The total capital cost can then be estimated

by,

=M
C=>" CeicslA+ fp)fm+ fer + fer+ fi+ fo+ fo + fi] 37)
1=1
or
=M
C=> CeialL+ fp)+ (for + far & fi+ fo+ fo + f1)/ ] (38)
i=1
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where C. ; cs and C, ; 4 is the purchased carbon steel and alloy equipment cost of equipment i, and M is the

total number of equipment. f,, is the installation factor for piping and f,,, is the material factor defined as,

__purchased cost of item in exotic material

fm =

39
purchased cost of item in carbon steel (39)

fers fets fis fos fs and f; is the installation factors for respectively equipment erection, electrical work,
instrumentation and process control, civil engineering work, structures and buildings and installation lagging,
insulation and paint. There will also be an extra installation factor for subsea construction, fs,p[15]], which is

assumed to be 3. The installation factors are given in Table [38]

Table 38: Installation factors used in the cost calculations.

Factor Value

for 0.3
o 0.8
fi 0.3
fei 0.2
f. 0.3
fs 0.2
fi 0.1
fm 156

finst ~ 4.208

Jsub 3

D.2 Estimating purchased equipment cost

The purchased equipment costs are the basis of the factorial method of cost estimation. It is therefore necessary to
have good estimates for the equipment costs. For preliminary estimates the purchased equipment cost on a US

Gulf Coast basis (2007), is given,

Co=a+0bS" (40)

where a and b are cost constants, S is the size parameter and n is the exponent for that type of equipment.

Multiplying with the two installation factors, gives the final cost,

Ol = COfsubfinst (41)
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D.3 Cost-driving factors

When estimating cost of materials and labour, inflation must be considered. The historical cost data used to
estimate cost has to be updated with the use of published cost indices. The cost indices are based on data for
material, labour and energy costs and is to be found in government statistical digests. The cost estimation in the

desired year is given by

Co =0 (42)

where C' is the cost in the desired year, C'; is the cost in the cost for the historical data. I is the cost index in the

desired year, and I; is the cost index for the historical data[/15].

D.4 Material

All the equipment installed subsea is assumed to be made of 22 Cr duplex stainless steel(2205). This is
recommended because the metal is robust and resistant to corrosion. Properties for the chosen material are given

in Table B9[57].

Table 39: Properties of the material 22 Cr duplex stainless steel.

Property
Composition 7] 22% Cr, 5.5% Ni, 3% Mo
Density [58] 7800 X4
Cost 1.56 fearbon steel

D.S Separator

To estimate the cost of the separator, the shell mass needed to produce it had to be calculated. Shell mass is given

by,

Shell mass = wDy, Lyt pm (43)

where D, is the vessel diameter, L, is the vessel length, t,, is the wall thickness and p,, is the metal density. The
minimum required wall thickness is based on the relation between the water depth and the external allowable

pressure[35]]. The wall thickness is estimated to be 60mm.

The variables, describing the size of the vessel, used in the cost estimation is shown in Table
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Table 40: Variables, of the separator size, needed in the cost estimation.

Property Value Unit

tw 60 mm
Pm 7800 kg/m?>
Shell mass 15 863.87 kg

The values of the parameters, in Equation {0} in the cost estimation are shown in Table 4]

Table 41: Cost data for the separator.

Equipment unit for size, S a[-] b[-1 n[-] Cy[USD]
Horizontal pressure vessel, ss  Shell mass [kg] 11000 63  0.85 245255

The total equipment cost for the separator is then multiplied with the two factors and scaled accordingly to the

CEPCI 2018 index.

Table 42: Cost data for the separator, scaled accordingly the CEPCI 2018 index.

Co [USD]  finst  fsuv 12007 [-]  I2018 [-] Co [USD]
245 255 4.208 3 509.7 591.33 3591944

D.6 Hydrocyclone

The cost estimation for the hydrocyclone takes basis in historic cost data given in table d3][32]. The final cost
includes equipment erection, electrical work, instrumentation and process control, civil engineering work,
structures, lagging, insulation, paint and testing. Table A3 shows the scaling and the cost estimation, where Cy is
the reference cost, and S is the size parameters given as the inlet flow rate in % S5 represents the case for

maximum liquid flow.

Table 43: Cost data for the hydrocyclone.

Co[USD]  Si[£] S2 (%21 nl-]  Leference [[]  Too1s [ C2 [USD]
38000 50 100.27 0.35 1000 591.33 367 880

Due to the relative low cost compared to the other units, the estimation was also compared to different historical

costs. A beef processing facility published purchase and instalment costs for a more robust hydrocyclone closely
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related to deoiling hydrocyclones used in the industry[39]]. The instalment cost includes material costs, supporting
structure and piping etc. The hydrocyclone also has the same design flow(300m3 /h). Scaling in terms of material

costs, CEPCI and subsea factor is presented in the Table [#4]

Table 44: Cost data for the hydrocyclone, scaled accordingly the CEPCI 2018 index.

Cl [USD] Ireference ['] 12018 ['] C2 [USD]
104 000 575.4 591.33 500 194

Cost data on the basis of the body diameter was also available and analysed[32]. Since the data is based on a
single liner, the number of liners will be crucial for the final instalment cost. Scaling in terms of the instalment

factors, number of liners and from the values yields the cost estimations shown i Table 3]

Table 45: Cost data for the hydrocyclone, scaled accordingly the CEPCI 2018 index.

Liners C'0 [USD] Sl [cm] SZ [Cm] Il[-] Ireference ['] -[2018 ['] CZ[USD]

40 6000 25 7.5 1.07 1000 591.33 502 488
52 6000 25 7.5 1.07 1000 591.33 653 234
64 6000 25 7.5 1.07 1000 591.33 803 981

The estimation based on the number of liners gave a more reasonable estimation compared to the first estimation
based on the design flow. Due to the fact that the hydrocyclone might need spare liners that can work as a buffer

in the case of clogging or maintenance, the cost estimation for 64 liners is used for further calculations.

D.7 Induced Gas Flotation unit

Scaling in terms of surface area, CEPCI, presented in Table @ as well as the instalment factors and subsea factor,

yields the final cost estimation Cs.

Table 46: Cost data for the induced gas flotation unit, scaled accordingly the CEPCI 2018 index.

ColUSD]  S1[m?l  So[m?] nl[-] ILeference [[1  Ioois [[1  C2[USD]
500 000 20 7.85 0.48 1000 591.33 2381208

D.8 Flowline and riser

The equipment cost for flowline and riser are estimated by
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C= ftfsizeCOL + CmiscL (44)

where f; is the flowline type factor, f;.. is the size factor, Cy is the basis cost per unit length, C},,;s. is the

miscellaneous cost associated with the flowlines and L is the total length of the pipelines.

The pipeline, transporting oil and gas to the FPSO, is set to be 12inches (0.3048m). The flowline is assumed to be

rigid, while the riser is assumed to be flexible.

Table 47: Cost data for the flowline and riser.

Type Length [m] Size [m]  fi[-]  ful-] Col¥2R]  Chise [Y22]  Co [USD]
Oil and gas flowline 150 000 0.3048 Rigid 1.30 230 500 119 850 000
Oil and gas riser 510 0.3048  Flexible 1.30 230 500 407 490
Total cost 120 257 490

The final, total cost for the flowline and the riser is scaled accordingly to the CEPCI 2018 index, and is given in
Table 48]

Table 48: Cost data for the pipeline, scaled according to the CEPCI 2018 index.

Col[USD]  Ingor[—] Iao1s[—]  C2[USD]
120 257 490 525.4 591.33 135 348 043

D.9 Umbilical

The cost for the umbilical includes electrical power cables, signal cables and conduits for hydraulic control fluid.

The final cost is scaled accordingly to the CEPCI 2018 index. The cost data is shown in Table [49]

Table 49: Cost data for the umbilical, scaled accordingly the CEPCI 2018 index.

Type Length [m]  Cy [USD]  Isgo7 [[]  1I2018 [-]  C2 [USD]
Umbilical 150 510 229 254 363 525.4 591.33 258022 426

D.10 Subsea Hardware

The cost for the individual hardware types and the total cost were scaled accordingly the CEPCI 2018 index and
are shown in Table
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Table 50: Hardware cost, scaled accordingly the CEPCI 2018 index.

Hardware Type Quantity C4 [USD]  Ircference [[]1  Co [USD]
Suction Pile 1 1 000 000 525.4 1125485
Production PLET 2 3468 368 525.4 3903 597
Production Tree Jumpers 3 975174 5254 1097 544
Pigging 1 431 555 525.4 485 708
Production PLET Jumpers 2 1796 872 5254 2022353
Multiphase Flow Meter 1 924 250 5254 1 040 229
Flying Leads - 1247031 525.4 1403515
Sum 11 078 413

D.11 Control equipment

The cost for the individual control equipment and the total cost were scaled accordingly the CEPCI 2018 index

and are shown in Table 51l

Table 51: Control equipment, scaled accordingly the CEPCI 2018 index.

Equipment C1 [USD]  Quantity Ircference [[]  Co2 [USD]
Topside control 2967 704 - 5254 3340 107
Tree-Mounted control 5 108 940 3 5254 5750 037
SUTA 2 764 804 1 525.4 3111764

Sum 12 201 908

D.12 Testing cost

The individual cost for testing of equipment and the total cost were scaled accordingly the CEPCI 2018 index and
are shown in Table[52]
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Table 52: Testing cost, scaled accordingly the CEPCI 2018 index.

Equipment C1 [USD]  Ircference [[]1  C2 [USD]
Subsea Hardware FAT,EFAT 27 132 162 5254 30 536 850
Tree SIT and Commissioning 875 000 5254 984 799
PLET SIT 565 499 5254 636 460
Control System SIT 237 786 5254 267 624
Sum 32425733

D.13 Engineering, Insurance and Contingency

The cost for engineering, insurance and contingency, and the total cost were scaled accordingly the CEPCI 2018

index and are shown in Table 53]

Table 53: Engineering, Insurance and Contingency costs, scaled accordingly the CEPCI 2018 index.

Type C1 [USD]  Ireference [-1 - C2 [USD]

Engineering and Project Management Cost 4 738 427 5254 5333030
Insurance 6 002 008 5254 6755172

Contingency and Allowance 12 559 539 525.4 14 135 577
Sum 26 223779

E Profitability Calculations

E.1 Cash Flows

The net income for a period ¢ can be calculated from,

NI; =R, —OPEX; (45)

where R; is the revenue of period ¢ which is calculated as the sales income from the production of oil and gas.
The fraction of oil that is left after the water treatment is neglected, so that the amount of oil and gas for sale are
equal to the production rate from the reservoir. OPEX; is the operating expenditures for the period. CAPEX is not

included in the net income, and is assumed to be an independent investment during the Oth period. The cash flow

for the period ¢ can then be calculated by subtracting the rate of taxation, t,.,
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CF; = NI,(1—t,) (46)

E.2 Net present Value (NPV)

The net present value of a project is the sum of the present values of the future cash flows, both positive and

negative, and is given,

NPV =S A7)

where C'F), is the cash flow in year n, ¢ is the lifetime of the project and r is the interest rate.

Internal rate of return (IRR) is the project’s effective depreciation, ie the interest rate that gives the net present

value equal to 0.

n=t
CF,
0=2, (1+IRR)" (“48)

n=1
E.3 Pay-back time

Pay-back time is the time required to earn back the investment cost through the successive cash inflows. The

pay-back time is given by,

1
CF,

tpp = (49)

where I is the total investment and C'F, is the average annual cash flow. The equation takes the assumption that
all the investment is made in year zero and that the revenues begin immediately. In addition, the taxes and

depreciation is not taken into account.

E.4 Return on investment (ROI)

Return on investment is percentage of investment that the annual cash flow represents, and is given by,

ROI = C—IF -100% (50)

where CF is the net annual cash flow.
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F Matlab Scripts and simulations

F.1 Casel

The following script was used to calculated all the outlet fractions and flows for case 1.

clear all

clc

close all

Joxx s xxkxkkxkxkkxk CASE 1 skkxsskkkxsksrkkxxxP

% 1xgravity sep, lxhydrocyclone, Ixflotation %

9% inlet conditions
q-0_0il = [5970 7000 6900 6700 6500 6100 5600 5000 4300 3600 3000 2500 2100
1750 1450 1200 1050 800 600 400];%[m3/d]

q-0_0il = q-0_0il1./(3600%24);

q-0_w = [250 900 2500 4000 4600 5000 5400 5800 6200 6550 6900 7150 7400
7600 7800 7950 8100 8250 8400 8500];

qg-0_w = q.0_w./(3600x24);

years = 1:1:20;

x_-0 = zeros(l,length(years));

x-1 = zeros(1l,length(years));

x_2 = zeros(l,length(years));

x_3 = zeros(l,length(years));

q-0 = zeros(1l,length(years));

g-1 = zeros(l,length(years));

q-2 = zeros(l,length(years));

q-3 = zeros(l,length(years));

taul = zeros(l,length(years));

for i = l:length(years)

x_0(i)
q-0(i)

(q-0_0il(i))/(q-0_w(i) + q-0_0il(i));
(q-0-0il (i) + q-0.w(i));
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41

42

43

45

46

47

48

49

9% gravity separator

molefraxtion oil

molefraxtion oil

have the same

[x_.1_.a, q-1_a] = gravity_separator(x_.0(i), q-0(i)/2); %x0:
, q-0: oil ,water volumetric flow

[x-1_-b, q-1_b] = gravity_separator(x_-0(i), q-0(i)/2); %x0:
, q-0: oil ,water volumetric flow

x_1(i) = x_1_a; %% assuming the two gravity separators
efficency , the outlet fraction will be the same for both.

q-1(i) = q-1_a + q_-1_b; %% total liquid flow 1is

outlet flows

9% hydrocyclone

R_hyd = 150; %max range for distribution.
[x-2(i), q-2(1),

hydrocyclone(q-1(i), x-1(i), R_hyd);

avg _drop_size , num_liners_min ,

9% flotation

gas_flow = 0.0033 % [m3/s]

[x.3(i), q-3(i), taul(i)] = flotation_model (x_2(i), q-2(i),
gas_flow);

end

years = 2:1:10;

figure ()

plot(years, x_0(1:9), 'x7)

hold on

plot(years, x_1(1:9), 'x7)

hold on

plot(years, x-2(1:9), 'x7)
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58

60

61

62

63

65

66

67

68

69

70

71

73

74

76

77

hold on

plot(years, x.3(1:9), 'x7)

hold on

plot(years, 0.03xones(l,length(years)))

s

legend (°x0, inlet from reservoir’,’x1, outlet gravity separator’,’x2,
outlet hydrocyclone’, ’x3, outlet IGF’, *30 ppm’)

xlabel ("Time [year]’)

ylabel (’Oil fraction in waster water [—]")

title ("Case 1: Oil fractions for year 2 to 107)

figure ()

plot(years, q-0(1:9), '=)

hold on

plot(years, q-1(1:9), "*")

hold on

plot(years, q-2(1:9), 'x)

hold on

plot(years, q.3(1:9), "*")

legend (°q0, inlet flow from reservoir’,’ql, outlet flow gravity separator’
’q2, outlet hydrocyclone’, ’q3, outlet IGF’, ’'Location’ ,’southeast’)

xlabel ("Time [year]’)

ylabel ("Flow [m3/s]")

title ("Case 1: Liquid flows year 2 to 107)

F.2 Case?2

The following script was used to calculated all the outlet fractions and flows for case 2.

clc

clear all

close all

Gox * * x x xxkk ok kkkxxk CASE 2 soskokskoskoskskoskoskoskoskokskokokk P

% lxgravity sep, 2xhydrocyclone %
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q-0_0il = [5970 7000 6900 6700 6500 6100 5600 5000 4300 3600 3000 2500 2100
1750 1450 1200 1050 800 600 400];%[m3/d]

q-0_0il = q-0_0il./(3600%24);

q-0_w = [250 900 2500 4000 4600 5000 5400 5800 6200 6550 6900 7150 7400
7600 7800 7950 8100 8250 8400 8500];

q-0.w = q.0_w./(3600x%24) ;

x_.0 = zeros(1l,length(years));

x_1 = zeros(l,length(years));

x_2 = zeros(l,length(years));

x_-3 = zeros(l,length(years));

q-0 = zeros(1l,length(years));

qg-1 = zeros(l,length(years));

q-2 = zeros(l,length(years));

q-3 = zeros(l,length(years));

years = 1:1:20;

9% inlet conditions

for i = l:length(years)

x_0(1) (gq-0_0il(1))/(q-0_w(i) + q-0_0il(i));
q-0(i) = (q-0_0il (i) + q-0_.w(i));

qg-oil = 0.0810; %[m"~3/s]

g-water = 0.0104; %[m”"3/s]

9% gravity separator

[x-1_a, q-1_a] gravity_separator (x_.0(i), q-0(i)/2);
[x_.1_-b, q-1_-b] = gravity_separator(x_0(i), q-0(i)/2);
x_1(i) = x_1_a;

q-1(i) = q-1_a + q-1_b;

9% hydrocyclone
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41

42

43

45

46

47

48

49

60

61

62

63

65

66

67

68

69

70

71

72

R_hyd = 150; % max range

[x-2(i), q-2(i), x-3(i), q-3(i)] = hydrocyclone_series(x_1(i), q-1(i));

end

years = 2:1:10;

figure ()

plot(years, x_.0(1:9), "x7)
hold on

plot(years, x_1(1:9), ')
hold on

plot(years, x.2(1:9), "x7)
hold on

plot(years, x-3(1:9), 'x7)
hold on

plot(years, 0.03xones(l,length(years)))

legend (’x0, inlet from reservoir’,’xl, outlet gravity separator’,’x2,

outlet first hydrocyclone’, ’x3, outlet second hydrocyclone’, ’30 ppm’)

xlabel ("Time [year]’)
ylabel (’Oil fraction in waster water [—]")

title ("Case 2: Oil fractions for year 2 to 107)

figure ()
plot(years, q-0(1:9), 'x)
hold on
plot(years, q-1(1:9), "x")
hold on
plot(years, q-2(1:9), "*)
hold on
plot(years, q.3(1:9), “x7)

legend (°q0, inlet flow from reservoir’,’ql, outlet flow gravity separator’,

s

q2, outlet first hydrocyclone’, °q3, outlet second hydrocyclone’,

XXX
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75

76

Location’ ,’southeast’)

xlabel ("Time [year] )
ylabel ("Flow [m3/s]’)

title ("Case 2: Liquid flows year 2 to 10°)

F.3 Case3

The following script was used to calculated all the outlet fractions and flows for case 2.

clc

clear

all

close all

% 1xgravity sep, 2xhydrocyclone %

q-0_oil
1750 1450 1200 1050 800 600 400];%[m3/d]

q-0_oil

q-

q-

X_

X

X
X
X_
q-
q-
q-
q-
q-

O.w =
7600

O_w =

= [5970 7000 6900 6700 6500 6100 5600 5000 4300 3600 3000 2500 2100

= q-0_0il./(3600%24);

[250 900 2500 4000 4600 5000 5400 5800 6200 6550 6900 7150 7400
7800 7950 8100 8250 8400 8500];

q-0_w./(3600x24);

0 = zeros(l,length(years));

-1 = zeros(l,length(years));

2 = zeros(l,length(years));

3 = zeros(l,length(years));

4 = zeros(l,length(years));

0 = zeros(l,length(years));

1 = zeros(l,length(years));

2 = zeros(l,length(years));

3 = zeros(l,length(years));

4 = zeros(l,length(years));

years =

9o

inlet

1:1:20;

conditions
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for i = l:length(years)

x-0(i) = (q-0_0il(i))/(q-0_w(i) + q-0_0il(i));
q-0(i) = (q-0-0il(i) + q-0.w(i));

q-oil = 0.0810; %[m"3/s]

g-water = 0.0104; %[m"3/s]

9% gravity separator

[x_.1_a, q-1_a]
[x_.1_.b, q_1_b]

x_1(i) = x_1_a;

gravity_separator (x_0(i), q-0(i)/2);

gravity_separator (x_0(i), q-0(i)/2);

q-1(i) = gq-1_a + q-1_b;

%% flotation

avg_drop_size = 200;

gas_flow = 0.025; %[m3/s]

[x-2(1), q-2(i),
gas_flow);

taul ]

flotation_model (x_1(i), q-1(i),

[x3(i), q-3(i),
gas_flow);

tau?2 | flotation_model (x_2(i),

q-2(1),

end
years = 2:1:10;
figure ()
plot(years, x_0(1:9), "x7)
hold on

plot(years, x_1(1:9), "*7)
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2

hold on

plot(years, x_2(1:9), 'x7)

hold on

plot(years, x.3(1:9), %)

hold on

plot(years, 0.03xones(l,length(years)))

legend (’x0, inlet from reservoir’,’xl, outlet gravity separator’,’ x2,
outlet first IGF’, ’x3, outlet second IGF’, 30 ppm’)

xlabel ("Time [year]’)

ylabel (7 Oil fraction in waster water [—]")

title ("Case 3: Oil fractions for year 2 to 107)

figure ()

plot(years, q-0(1:9), "x7)

hold on

plot(years, q-1(1:9), ')

hold on

plot(years, q-2(1:9), 'x7)

hold on

plot(years, q-3(1:9), "%7)

legend(°q0, inlet flow from reservoir’,’ql, outlet flow gravity separator’,
’q2, outlet flow first IGF’, °q3, outlet flow second IGF’, ’“Location’ ,’
southeast’)

xlabel ("Time [year]’)

ylabel ("Flow [m3/s]")

title ("Case 3: Liquid flows year 2 to 10°)

F.4 Gravity separator

The following function was used to calculate the outlet fraction and flow from the gravity separator given the inlet

fraction and flow.

function [x_-1, q-1] = gravity_separator(x_-0, q-0)
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D = 1.47; % Diameter

L = 7.34; 9% length

V.GLS = pi*(D)"2x(1/4)xL; % volume column
k = 0.003; % user specified constants

x_1 = x_Oxexp(—kxV_GLS/(q-0)); % function
q-1 = (q0%x(1—x_0))/(1—x_1); % outlet flow

end

F.5 Gas flotation

The following function was used to calculate the outlet fraction and flow from the flotation unit given the inlet

fraction and flow. The model calculates the

function [x_.3, q_out, residence_time] = flotation_model (x_.in, q.in,

avg _drop_size , V_flow_gas)

%% fixed constants

C_oil = x_in; % [kg/m3]
x_water = 1-C_oil;
g-oil = q-inxC_oil;

g-water = g_-inxx_water;

rho_oil = 870; %[kg/m3]

rho_water = 998; %kg/m3

rho_gas 1.205; %kg/m3, utgangspunkt

dyn_vis = 8.9%10"—4; %kg/m+s T = 10C, dynamic viscoity water
g = 9.81; %m/s2

R_oil

R_gas = 400%x10"—6; % [m], 400 microns

(1/2)xavg_drop_sizex10"—6; %[m] = 150 microns

9% Volume
H= 2, %2.5m
r = 0.5;
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A = pixr"2;
V = AxH; %volume tank

9% velocities — gas and oil in tank. — stokes law

vel_oil = q_.in/A; % [m/s]
vel_gas = (2/9)*(rho_water—rho_gas)/(dyn_vis) xgxR_o0il"2; % [m/s]

rel_vel = (vel_gas+vel_oil); %[m/s]

9% residence time oil

residence_time = H/vel_oil; % |[sek]

9% bubbles oil

V_oil_total = C_oil*V/(rho_oil); % [m3] total oil in tank

V _oil_particle = (4/3)xpi*xR_0il"3; % [m3] — volume bubble
bubbles_oil_init = V_oil_total/V_oil_particle; % [#bubbles oil]
bubbles_oil_cons = bubbles_oil_init/V; %[bubbles oil/m3]

9% bubbles gas

V_gas_bubble = (4/3)*xpixR_gas”"3; % [m3] gas bubble volume
bubbles_gas_tot = V_flow_gasxresidence_time/V_gas_bubble ;%[#bubbles
bubbles_gas = bubbles_gas_tot/V; %[bubbles gas/m3]

%% bubble—capture efficency

E = 1/1000; % amount of collisions that lead to capture

%% calculations — bubble collisions
dt = 1;

t_max = residence_time ;

t = 1:1:t_max;

bubbles_oil = zeros(0,length(t));
bubbles_oil (1) = bubbles_oil_cons;
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for i = l:length(t)—1
Z
bubbles_oil(i+1) = bubbles_oil (i)-Z;

end
9% plot — change in ppm
ppm_oil = zeros(0,length(t));
for i = l:length(t)
ppm-oil(i) = 10"3x(bubbles_oil(i)*V_oil_particle)xrho_oil;

end

FINAL_CONCENTRATION = min(ppm-_oil);

9% plot — concentration profile in tank — not presented in report
%H_min = H;
%H_vec = H_min—H_min/t_max:—H_min/t_max :0;

%plot (H_vec, ppm_oil,’red”)
Yset ( gca, ’'xdir’,’reverse ')
%title (" Concentration profile )
%xlabel (" Height tank *)

Y%ylabel ("ppm oil 7)

x_3 = FINAL.CONCENTRATION/1000; % convert from ppm to fraction

g-out = (qg-inx(1—x_in))/(1—x_3); % calculate outlet flow

end

F.6 Hydrocyclone

The following function was used to calculate the outlet fraction and flow from the hydrocyclone given the inlet

fraction and flow.
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function [x_out, q-out, avg_size, num_liners_min, num-_liners_max, sep-eff]
= hydrocyclone(q-in, x_-in, R_hyd) % q_-in[m3/s]

9% separation efficency as a function of particle diameter

D= 0.075; % 7.5cm, body diameter

[Di, len] = sizing(D); % inlet diameter and length of hydrocyclone.

N_hy = HCN(Di, q-in, x_-in); % hydrocyclone number

rho_oil = 870; % [kg/m3]
rho_water = 998; %[kg/m3]
dyn_vis = 8.9%10"—4; % [kg/mxs] at T = 10C, dynamic viscoity water

d_75
r.75

sqrt (N_hy+*dyn_vis*D"3/(q-in*(rho_water—rho_oil)));
d_75%1076/2; %the distribution is in radius.

r = 1:1:R_hyd;
sep-eff = zeros(1,length(r));

%emperical constants

c3 = —1.2; %[—]
c4d = 0.35; %[ —]
cS5 = 0.3; %]
%o0bs : bruker her r_75 for v re konsistent, men gir samme svar.

for i = l:length(r)
sep-eff(i) = 1 — exp(c3x(r(i)/r.-75—c4)"(c5)); % calculating efficiency
as a function of radius

end

sep-eff(sep_eff’=real (sep-eff)) = 0;
plot(r, sep_eff)

xlabel (' o0il radius [mikro—m] ")

ylabel (' separation efficency[—]")

hold on
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[y, sizes] = distribution (R_hyd, x_in); % inlet distribution

hydrocyclone_dist = zeros(l,length(sizes));
avg_size = 0;
for i = l:length(sep_eff)
hydrocyclone_dist(i) = y(i)*x(1—sep-eff(i)); %outlet distribution
avg_size = avg_size + sizes(i)xhydrocyclone_dist(i); %sum of all
sizes

end

%plot the inlet and outlet distribution
bar(sizes ,y, 0.3)

xlabel (’size [mikro—m]’)

ylabel (’fraction )

hold on

bar(sizes, hydrocyclone_dist)

xlabel (’size [mikro—m]’)

ylabel (’fraction )

x_out = sum(hydrocyclone_dist); % fraction out is the sum of all the
fractions

% for all oil droplet sizes.

g-out = (q-inx(1—x_in))/(1 —x_out); % caluclating outlet flow.

avg_size = avg_size/x_out; % calculating the average sizes, used in

flotation function

[num_liners_min, num_liners_max] = liners(q-in);
end
function [num_liners_min, num_liners_max] = liners(q-in)

g-max = 9; %[m3/h] from graph
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g-min = 2.1; %[m3/h] from graph
qg-in = q-in *3600; % [m3/h]
num_liners_-min = q-in/q-max;
num_liners_max = q-in/q.-min;

end

function hydrocyclone_number = HCN(Di, q-in, x_in) % D is here inlet
diameter

rho_oil = 870;

rho_water = 998;

rho = rho_oil*x_in + rho_waterx(l1—x_in);

dyn_vis = 0.001139;

[num_liners_min, num_liners_max] = liners(q-in);

avg_liners = (num_liners_.min + num_liners_max)/2; % use the average number
of liners

q-in = q-in/avg_liners; %average flow in each liner

Inlet_Re = rhoxq_-in*xDi/(dyn_vis);
hydrocyclone_number = —7.1428%x10"—9xInlet_Re + 0.0027142; %regression for

figure 19.

end

function [D_inlet, len] = sizing(D) % diameter upper section
D_inlet = 0.28%D; % inlet diameter
len = 5xD; %length

end

F.7 Hydrocyclone in series

The following function was used to calculate the outlet fraction and flow from the hydrocyclones in series given

the inlet fraction and flow.
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function [x_.1, q-1, x_2, q.-2] = hydrocyclone_series(x_in, q-in) % q_in[m3/
s ]

9% separation efficency as a function of particle diameter

D = 0.075; % 7.5cm, body diameter

R_hyd = 150; % max droplet size

[Di, len] = sizing(D); % inlet diameter and length of hydrocyclone.

N_hy = HCN(Di, q-in, x_-in); % hydrocyclone number

rho_oil = 870; % [kg/m3]
rho_water = 998; % [kg/m3]
dyn_vis = 8.9%10"—4; % [kg/mxs] at T = 10C, dynamic viscoity water

d_75
r.75

sqrt (N_hyxdyn_vis*D"3/(q_-in*x(rho_water—rho_oil)));
d_75%1076/2; %the distribution is in radius.

r = 1:1:R_hyd;
sep-eff = zeros(1l,length(r));

%emperical constants

c3 = —1.2; %[—]
cd = 0.35; %]
¢S5 = 0.3; %]

for i = l:length(r)
sep_eff(i) = 1 — exp(c3x(r(i)/r.75—c4)"(c5));

end

sep_eff(sep_eff"=real (sep_eff)) = O0;
YDfigure ()

J%plot(r, sep-eff)

Yxlabel (’ 0il radius [mikro—m]’)

%ylabel (" separation efficency[—]")

[y, sizes] = distribution (R_hyd, x_in);
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hydrocyclone_dist_1 = zeros(l,length(sizes));
avg_size = 0;
for i = l:length(sep-eff)
hydrocyclone_dist_1(i) = y(i)*(1—sep-eff(i));
avg_size = avg_size + sizes(i)sxhydrocyclone_dist_1(i);

end

hydrocyclone_dist_.2 = zeros(l,length(sizes));

avg_size = 0;

for i = l:length(sep-eff)
hydrocyclone_dist_2(i) = hydrocyclone_dist_1(i)*x(1—sep_-eff(i));
avg_size = avg_size + sizes(i)xhydrocyclone_dist_2(i);

end

YDfigure ()

Joplot(sizes ,y)

Yxlabel (’size [mikro—m]’)
%ylabel (’ fraction )

%hold on

Jplot(sizes , hydrocyclone_dist_1)
Yxlabel (’size [mikro—m]’)
%ylabel (’ fraction )

%hold on

Jplot(sizes , hydrocyclone_dist_2)
%xlabel (’size [mikro—m]’)

%ylabel (’ fraction )

x_1 = sum(hydrocyclone_dist_1);

(gq-inx(1—x_in))/(1—x_1);

e}
I
—_
11

x_2 = sum(hydrocyclone_dist_2);

e
I
[\
1l

(q1x(1—x_1))/(1—x_2);
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end

function [num_liners_min, num_liners_.max] = liners(q-in)
g-max = 9; %[m3/h]
g-min = 2.1; %[m3/h]
q.in = q_in %3600;% [m3/h]
num_liners_-min = q-in/q-max;
num_liners_max = q-in/q.-min;

end

function hydrocyclone_number = HCN(Di, q-in, x_in)
rho_oil = 850;

rho_water = 998;

rho = rho_oil*x_in + rho_waterx(l1—x_in);

dyn_vis = 0.001139;

[num_liners_min, num_liners_max] = liners(q-in);
avg_liners = (num_liners-min + num_liners_max)/2;

q-in = q-in/avg_liners; %gjennomsnittlig str m i hver liner

Inlet_Re = rhoxq_in*Di/(dyn_vis);

hydrocyclone_number = —7.1428x10"—9xInlet_Re + 0.0027142;
end
function [D_inlet, len] = sizing(D) % diameter upper section
D_inlet = 0.28x%D;
len = 5xD;
end

F.8 Sizing gravity separator

The following function was used to calculate the dimensions of the gravity separator.
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function [V, Lv, Dv, Act_res] = sizing_column(q-liq, q-vap)
9% egendefinert

rho_liq = 950;%sjekk [kg/m3]

rho_vap 0.67; %sjekk [kg/m3]

m_liq = rho_liqxq_-1liq*3600x(1/2); %mass flow liquid [kg/h]

m_vap = rho_vapxq_vap*3600x(1/2); %mass flow vap [kg/h]
fv = 0.8; %fraction vapour in column

Id_factor = 5; %p>35bar

hv = 0.5; %Dv/2

9% utregning
u_s= 0.15%0.07xsqrt ((rho_liq—rho_vap)/rho_vap); %no demister pad
Vap_vol_flow = m_vap/(3600xrho_vap); %[m3/s]

cross_A_factor = pi/dxfv;
u_v = Vap_vol_flow/cross_A _factor; %xDv" —2
settle_factor = hv/u_s; %xDv

Act_res = 1ld_factor/(u_v); %xDv"3

Dv = sqrt(settle_factor/Act_res);
Lv = ld_factor*Dv
V = Lv«Dv"2xpi/4;

req-res = 3; %requires residence time = 3min
hold _up_time = 3; %initializing while loop

lig_vol_flow = m_liq/(3600xrho_liq);

while req-res >= hold_up_time

Dv = Dvx(req-res/hold_up_-time) " fv;

Lv = ld_factor*Dv;

lig_cross_A = pixDv"2/4xfv;

hold_up_V = liq_cross_A=xLv;

hold_up_time = hold-up_-V/liq-vol_flow x(1/60); %[ min ]
end

end
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F.9 Distribution

The following function was used to calculate the bubble distribution after the hydrocyclone.

function [y, sizes] = distribution (A, x.0)

sizes = zeros(1,A);
for i = l:length(sizes)
sizes (i) = 1i;

end

mu = sum(sizes)/length(sizes);
sigma = 30;
y = normpdf(sizes , mu, sigma);

y = yxx_0; % slik at summen av y skal v re lik molfraksjonen

F.10 NPV calculation

The following script was used to calculate the NPV.

function NPV = return_NPV (CAPEX, OPEX, oil_price)

g-oil = [5565 5970 7000 6900 6700 6500 6100 5600 5000 4200].%x333.33;%[m3/
year ]

g-gas = q-o0il.*x100; %[m3/d] GOR = 100;

years = 1:1:10;

bbl = 6.289814; % Im3 = 6.289814 bbl;

MMBtu 1/28.263682;

g-oil = q_-oil.xbbl;
g-gas = q-gas.*MMBtu;
gas_price = 4.272; % USD/MMBtu
NI = zeros(l,length(years));
tax_rate = 0.78; %78
for i = l:length(years)
NI(i) = (q-oil(i)*xoil_price + q-gas(i)xgas_price — OPEX)x(l—tax_rate);
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end

r = 0.1; %0.1504

yearly NPV = zeros(1l,length(years)+1);
yearly NPV (1) = —CAPEX;
for i = l:length(years)
yearly NPV (i+1) = yearly NPV (i) + NI(i)/(1+1r)"(i);

end

years_2 = 0:1:10;

ar = area(years_2, yearly NPV ./1076, ’FaceColor’, ’"flat’)
ec = ar.FaceColor;

ar.FaceColor = [0 0.75 0.75];

xlabel ("Time [years]’)

ylabel (’Discounted After Tax Cash Flow [mill. USD] ")

title ("Cash Flow Diagram )

NPV = yearly NPV (end);

end

F.11 Sensitivity analysis

The following scrip was used to create the sensitivity analysis.

9% Fixed oil price , OPEX, CAPEX
oil_price = 67; % USD/bbl;

OPEX = 27220968;

CAPEX = 485669379;

NPV = return_NPV (CAPEX, OPEX, oil_price);

9% Sensitivity analysis
variable_change = 60;
var = zeros(l, variable_changex*2+1);

oil_pm = zeros(l, variable_change*2+1);

xlv




CAPEX pm = zeros(l, variable_changex2+1);
OPEX pm = zeros(l, variable_change*2+1);

NPV_OPEX = zeros(l, variable_change*2+1);
NPV_CAPEX = zeros (1, variable_changex2+1);

NPV _oil_price = zeros(l, variable_changex2+1);

for i = l:length(var)
if i < variable_change

var(i) = i—variable_change —1;

elseif 1 > variable_change
var(i) = i—variable_change —1;
end
CAPEX pm(i) = CAPEXx(l1+var(i)/100);
NPV_CAPEX (i) = return_. NPV (CAPEX pm(i), OPEX, oil_price);

OPEX pm(i) = OPEXx(l+var(i)/100);
NPV OPEX(i) = return_ NPV (CAPEX, OPEX pm(i), oil_price);

oil_pm (i) = oil_pricex(l+var(i)/100);
NPV _oil_price(i) = return_NPV (CAPEX, OPEX, oil_pm(i));

end

plot(var, NPV_.CAPEX./1076)

hold on

plot(var, NPV.OPEX./1076)

hold on

plot(var, NPV _oil_price./1076)

hold on

plot(var, ones(1,length(var))*NPV.CAPEX(variable_change)/1076,".")

xlabel ("Change in parameter [%]")
ylabel ('NPV [mill usd]’)
legend (’CAPEX’ ,’OPEX’, ’Oil Price’, ’Base case’, ’location’, ’southeast’)
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w6 | title (" Sensitivity analysis’)

F.12 Profitability measurements

The following script was used to calculate IRR, ROI, and payback time.

2| q-oil = [5565 5970 7000 6900 6700 6500 6100 5600 5000 4300].%x333.33;%[m3/
year |

s gqg-gas = q-0il.*x100; %[m3/d] GOR = 100;

4« |oil_price = 67; % USD/bbl;

s |OPEX = 27220968;

s | CAPEX 485669379;

7| years = 1:1:10;
s | bbl = 6.289814; % 1m3 = 6.289814 bbl;

s IMMBtu = 1/28.263682;
0| q-0il = q-oil.*xbbl;
| q-gas = q-gas.x*MMBtu;

2| gas_price = 4.272; % USD/MMBtu

5 |CF = zeros(1,length(years));

4 | tax_rate = 0.78; %25

s | for i = l:length(years)

16 CF(i) = (q-oil(i)*oil_price + q_gas(i)xgas_price — OPEX)x(l—tax_rate);

17 | end

w |[IRR = irr([—CAPEX, CF]):

2 |avg_CF = sum(CF)/length (CF);

» | ROI avg _CF/CAPEX;

s | tPB

CAPEX/avg_CF;
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