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Background

LNG is the fastest growing energy carrier in the world, and ship based transport of LNG is
expected to increasingly become an important alternative to pipeline transport. In this market,
Hisegh LNG is operating traditional LNG ships while the company at the same time looks at new
and innovative solutions in floating value chain for LNG. These solutions start with floating
production (FPSO = Fleating Production, Storage and Offloading), continues with the ship based
transport and ends with regasification, either in the form of SRV ships (Shuttle and
Regasification Vessel) targeting small to medium gas volumes and short to medium transport
distances, or in the form of FSRU ships (Floating Storage Regasification Unit) for medium Lo
large gas volumes and medium to large transport distances.

A project thesis in the fall 2008 established an overview of the entire chain for floating solutions
for LNG, with focus on technical solutions and their influence on energy and environmental
aspects for the chain. A comparison with traditional land based solutions was also made.

Based on the above mentioned project thesis that focused more on breadth than depth for floating
solutions for LNG, this Master thesis should study in detail the floating production unit. referred
to as the FPSO. Due to the special conditions offshore, the selected technologies are different
from land based plants. This Master thesis should use an actual design that Hoegh LNG is
considering (referred to as their FPSO-1) as the point of departure. Both design and operational
philosophies should be studied and evaluated. The thesis should also address the often negative
views in society related to the large energy requirements and considerable emissions related 1o
such operations, unfortunately without considering the massive amounts of energy handled by
these processes.

Objective

The main objective of this Master thesis is to make an evaluation of the design solution FP50-1
proposed by Hiegh LNG with focus on energy efficiency and environmental aspects. In
particular, the improvement potential should be discussed and quantified. Consequences for the
environment in the form of emissions should be considered throughout the thesis.

Page 1 of 3



The following guestions should be considered in the project work:

1, A Hterature study should be made of altermative technologies for liquefaction of natural gas to
LNG, with emphasis on those solutions that are suited for offshore applications such as an
FPSO. Advantages and disadvantages of the different technologies with respect to offshore
LNG production shounld be discussed,

Fd

An analysis and evalvation of the Hoegh LNG FPSO-1 design solution should be made. A
pedagogic presentation of key figures for energy consumption and environmental emissions
should be made, where these numbers are considered refative to the enormous amounts of
energy handled in these plants. It would alzo be of interest to compare these figures with
corresponding figures for land based plants, provided that these can he obtained without a
need for simulations. The thesis should also discuss and evaluate the philosophies behind the
design and operation of these kinds of offshore installations (such as the "no flare
philosophy™).

3. Based on the preceding item (2}, the improvement potential of this concept (FPSO-1) should
be evaluated and guantified. On example is that the flare philosophy (zero flaring) should be
quantified w.r.t. need for equipment and the cost of thal. There is an important trade-off
between cost of equipment and the cost of environmental fees, What is the payback on
invested capital in such additional equipment? The use of simple solutions offshore also has
a cost related to for example energy efficiency, and this should also be discussed.

4, If time allows, it would be of interest to consider how the plant performs under different
operating situations such as start-up, part-load, ete. This also involves the very first start-up
of the FPSO as a new ship and the ability to reach product spesifications as quickly as
possible. Further, it is of interest to discuss advantages and disadvantages of mechanical and
electrical opertation of the large refrigeration compressors.

Within 14 days of receiving the written text on the diploma thesis, the candidate shall submit a
research plan for his project to the department.

When the thesis is evaluated, emphasis is put on processing of the results, and that they are
presented in tabular and/or graphic form in a clear manner, and that they are analyzed carefully.

The thesis should be formulated as a research report with summary both in English and
Norwegian, conclusion, literature references, table of contents ete. During the preparation of the
text, the candidate should make an effort to complete a well presented report. In order to ease the
evaluation of the thesis, it is important that the cross references are correct. In the making of the
report, strong emphasis should b ¢ placed on both a thorough discussion of the results and an
orderly preésentation.

The candidate is requested to initiate and keep close contact with his/her specialist teacher and
academic supervisor(s) throughout the working perod. The candidate must follow the rules and
regulations of NTNU as well as passive directions given by the Department of Energy and
Process Engineering,
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Pursuant to “Regulations concerning the supplementary provisions to the technology study
program/Master of Science” at NTNU §20, the Department reserves the permission to utilize all
the results for teaching and research purposes as well as in future publications,

One — 1 complete original of the thesis shall be submitted to the authority that handed out the set
subject. (A short summary including the author's name and the title of the thesis should also be
submitted, for use as reference in journals (max, 1 page with double spacing)).

Twa — 2 — copies of the thesis shall be submitted to the Department. Upon request, additional
copies shall be submitted directly to research advisors/companies. A CD-ROM (Word format or
corresponding) containing the thesis, and including the short summary, must also be submitted to
the Department of Energy and Process Engineering

Department of Energy and Process Engineering, 15 January 2004

s

F I N /
Professor Johan E. Hustad Prafessor Trals Gundersen
Head of Department Academic Supervisor

Industrial Contact:

Senior Vice President Vegard Hellekleiv, Newbuilding and Technology Development,
Hijegh LNG, Drammensveien 134, NO-0212 Oslo, E-post: vegard hellekleiv@hoegh.com
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Summary

The floating production unit HLNG FPSO-1 has beealgated with respect to its energy
consumption and emissions to air, and improvemetgmgials within the same context have
been suggested and discussed. The thesis dedstmoeg of combustion of natural gas,
emission calculations, energy consumption of cosgmes and theory of fuel gas
consumption for gas turbines. A literature studyNfS processes suitable for offshore
applications has also been included.

The CO2 emissions from the HLNG FPSO-1 add up tmt6% of the CO2 emissions from
the Norwegian oil and gas industry (2005), which isoticeable amount. However the energy
content in the LNG produced over one year fromRR&0O-1 count for ca 35% of the energy
consumed over one year related to oil and gasaiireon the Norwegian continental shelf.
This illustrates that even though floating LNG pwotion is energy intensive and the resulting
amounts of greenhouse gas emissions (as CO2) lagstastial, the LNG contains significant
amounts of energy, which is a result of the 60@-felduction in volume when the natural gas
is liquefied.

Two different availabilities of the topside proces$PSO-1 exist and are calculated by Det
Norske Veritas. The lower availability is basedaono-flare philosophy, which is considered
not to be relevant for the project in the furthevelopment. The reason for this is that a strict
no-flaring philosophy is not desirable from an @tiemal point of view, and that duplication
of every equipment item which handles hydrocarliogams is not a realistic design
alternative. Therefore the higher availability wihallows some flaring during normal
production is used for all the suggested improverpetentials.

Based on two different future oil prices (a higlddow scenario), the value of the LNG
produced, as well as the value of the additionalidoduced as a result of higher
availability of the FPSO-1 are calculated.

Two design changes of the LNG liquefaction pro@essa result of a lighter feed gas
composition are described and discussed in theegbat energy consumption and emissions
to air. Both design changes have the possibilityasing more than 10 MW power in total.

Also, the implications of eventual necessary coame with the Equator Principles are
discussed. The project may find that certain ginéslor philosophies given by institutions
financing parts of the project must be followedcfsas use of Best Available Technology),
and should evaluate these eventual restrictionshancial institutions are selected for the
project.

The further development of the project with thelgdanaking the topside processes on the
FPSO-1 as energy efficient as possible (therebygaperational costs and reducing the
impact on the environment), should evaluate thsilbddy of implementing the design
changes suggested in the thesis from a more exéetesihnical and economical point of view.



Preface

During the work with the master thesis, some pafrthe original assignment text have been
more in focus than others. This has been discusgbdny teaching supervisor at NTNU.

The focus has mostly been on technical issuesregipect to suggested changes in the design
of the topside processes on the FPSO-1, and thadkdgnamics that these changes build on.
Calculations of the economic consequences of thgesied design changes have also been
performed, although in a less extensive manner.

The impacts for the environment with respect to @& CO2 emissions to air have been
considered throughout the thesis. Point 4 in teegament text has only been evaluated with
respect to amounts of emissions during flarindpatinitial start-up, due to time restrictions
and the fact that dynamic simulation models oftdpside processes have not been available.

| would like to thank my teaching supervisor at NTNProfessor Truls Gundersen for
valuable and regular feedback during my work. Alsgould like to thank my contact at
Hoegh LNG AS, Vegard Hellekleiv for making this pawation possible, and for good
answers to technical questions. In addition, | kn@lso Thomas Larsen at Héegh LNG for
even more extensive answers to technical questiotgor fast feedback.

Trondheim, 08.09.2009
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Introduction

As one of the first in the LNG industry, Hoegh LN&Gdeveloping the first of a series of
FPSO'’s for LNG production. The development of tingt FPSO (FPSO-1) has by March
2009 reached the end of the FEED (Front End Engimg®esign) phase.

A relatively open design has been used through®uEEED phase, as the final location of
the FPSO-1 is not yet determined. Because of tkeawn final destination of the facilities,
the parameters used in some parts of the desigyeaszic, for instance the composition of
the natural gas from the gas well. The genericcgagposition influences the design of the
processes on the FPSO-1 to some extent, andritbslple that the final design of the FPSO-1
will differ from the design at the end of the FEED.

The change in design as the project moves on te ohetailed engineering brings with it
some opportunities for improving the energy constimmpon the FPSO-1, and thereby
reducing the impact on the environment. It is hosvevwish to keep the design of the FPSO
as simple as possible in order to be able to wesedme design in parts of the process on
future LNG FPSOs. The important safety aspect falgours a simple, but thereby not as
energy efficient, design.

This master thesis takes the design at the erfted¥EED phase as a point of departure and
looks into some areas of possible improvement sigthe with respect to energy consumption
and impact on the environment. The operation asdydehilosophies are also discussed in
the same context.

The thesis gives first an overview of the theorgentying combustion of natural gas and
emission calculations, since all the power produmethe FPSO-1 origins from gas turbines.
The theory behind energy consumption of compressatso explained, as well as the
method for calculating the fuel gas consumptiogad turbines. An overview of relevant
LNG liguefaction processes is also given in thet sththe thesis.

Outline:

Chapter 1:  Theory of combustion of natural gasssian calculations, fuel gas
consumption and energy consumption of compressors

Chapter 2:  Overview of LNG liquefaction processaswvant for offshore applications
Chapter 3: Description of the HLNG FPSO-1 as dtithe end of the FEED phase
Chapter 4: Suggested improvement potentials foHING FPSO-1

Chapter 5:  Discussion of the results obtained duttie work with the thesis

Chapter 6: Conclusions and suggestions for fustioek
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1 Theory

During the work with the master thesis, a numbesadéulations have been performed on
energy consumption, amount of emissions releasad,tormation of combustion products,
etc. The theory behind the most important calooitetis described in this section.

1.1 Combustion of natural gas

In the gas turbines providing the necessary powére FPSO-1, natural gas is combusted.
Combustion of any combustible material happens whexe premises are fulfilled, the
combustible material must be present, air (or @xlygen) must be present and the
temperature where the combustion happens mustéaetdficient high level.

The combustion is described here as it gives aenstahding of the mechanisms forming
C0O2 and NOx, which are the two most important typlesmissions from gas turbines.

Combustion is defined a& usually rapid chemical process (as oxidationatiproduces
heat and usually light; also: a slower oxidatiors (& the body) [1]It is only the rapid
oxidation part of the definition which is relevdat this thesis. Oxidation describes the
process when a substance combines with oxygesutitetance being mainly carbon and
hydrogen for combustion of natural gas.

The chemical reactions taking place in the combasthamber of a gas turbine form reaction
products such as CO2, CO, H20 (gaseous), and N@yaonds. Nitrogen and, depending
on the conditions in the combustion chamber exogggen is also present in the exhaust gas.

By “conditions in the combustion chamber”, esséiytie ratio of fuel per air as well as the
temperature is meant. The air to fuel ratio for tyabines is generally quite large, as much as
60 times more air than fuel are fed to the combusthamber in some configurations.

For the purpose of explaining the combustion ofirstgas, stoichiometric conditions may
also be used. Stoichiometric conditions describelgstion where just enough air is present
in the combustion chamber, so that the combussi@oimplete, and the products are only
CO2, H20 and N2 (as inert gas).

For combustion of a hydrocarbon fuel under stoigtgtric conditions the combustion
reaction can be expressed as:

C.H,+a(0,+3.76N )-» xCQ+  /2)H O+3.78 (el.1)
where
a=x+yl4
It is here assumed that air consists of 21% O2783d N2, for simplicity. The x and y in the
equation refers to the number of carbon and hydregems present in a molecule of the fuel.

For methane, x would be 1, and y would be 4. Andrtgnt thing to notice is that all the
carbon atoms in the fuel are bound in CO2 in thHeaast.
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For a fuel gas composition consisting of severnaésyof hydrocarbon compounds, an
equivalent fuel gas composition on the faZgiH  can be found. The equivalent fuel gas

composition is found by performing a balance ofre@@ver the combustion reaction.
For the fuel gas on the FPSO-1, the equivalentdaelposition i€, ,,H, .., and the

combustion reaction under stoichiometric conditjamish inserted values becomes:

C,ogH 55971 2.058(0,+ 3.76N, )» 1.084CQr 1.949H4O 7.73¢€

The stoichiometric air to fuel ratio then becomes:

. kg
28.84
(ﬂj = (%J _Are MW, _, oo 2,053@ — 13.88%i (o (e12)
Fuel Stoich rnfuel Stoich 1 |\/l\/\4uel 2035k%m0|e gfuel

On the datasheet for one gas turbine which coulkbbsidered for the FPSO-1, a fraction of
oxygen in the exhaust gas is given as an indicatidhe operating air to fuel ratio for the gas
turbine. This oxygen content is 15mol-%, which neetire gas turbine runs with an air to fuel
ratio which is so large that the exhaust gas freencombustion chamber contains 15mol-%
02 (which has passed through the combustion zoteuti taking part in the combustion
reactions) [2]. It is assumed that the exhaustistsef mainly CO2, H20, O2 and N2, and
that compounds such as NOx and traces of carbohyrdgen which have not been
combusted are only present in so small quantitiasthey are considered negligible.

Based on the figure for oxygen content in the eghgas, the operational air to fuel ratio
expressed in [kg_air/kg_fuel] can be found. The loostion reaction with O2 in the exhaust
can be expressed as:

C, oeH a0+ 2(O 7+ 3.76N,)— 1.084CO+ 1.949H ®b @ 3.6 (e1.3)

where a and b are related through a balance ofesxgitpms over the equation:
2a=21.084 1.949 R
or:
b=a-2.05¢

The oxygen content in the exhaust gas is givendh% which by dividing by 100 becomes
the mole fraction of O2 in the exhaust. By the niéfbhn of mole fraction [3], one obtains:

No, _ b _ a-2.059

X = =
1.084+ 1.949-b+ 3.76 0.9 4.

0, =
N Exhaust

By inserting the value for mole fraction of O2, tedue ofa is obtained:

0.15= &~ 2.059
0.974+ 4.7@&

Stud.techn Lars Petter Revheim 2



a=7.710

Using Equation (el.2):

H
<

(2 (&j _a7m oo P e o, o,
Fuel Actual Mg Actual Wuel 20. 35k/m0|e gfuel

The operational air to fuel ratio is in other wordere than three times as big as the
stoichiometric air to fuel ratio.

1.2 Emission calculations

Emissions from the gas turbines count for the nitgjof emissions to air from the FPSO-1,
and a description of how the emission values amlzded is given in this section.

There are two types of emissions to air which areered in the thesis, CO2 and NOXx
emissions. CO2 emissions are considered imporsatiitesie is in the public a rising concern
about emissions of greenhouse gases to the atnresphe

1.2.1 NOx emissions

NOXx emissions are nitrous oxides, which are formvadn a nitrogen atom reacts with one or
more oxygen atoms in high temperature zones igahgustion chamber. Nitrogen is at
ambient temperatures an inert gas which does ketgart in the reactions in the combustion
chamber. However, in gas turbines the temperasuresome parts of the combustion
chamber is higher than the limit for when nitrogeguts to react with oxygen.

Measures for reduction of NOx emissions exist aamy o some extent from different gas
turbine manufacturers. Two designs of gas turbooesmonly used in the industry are the
Single Annular Combustion (SAC) and the Dry Low Esmn (DLE) combustion systems.
These two designs of combustion systems are diffevih respect to the degree of NOx
reducing measures incorporated in the design. dhdastion chamber in a DLE-turbine is
built on other principles than the combustion chamdf a SAC-turbine, and varies to some
extent between turbine manufacturers [4]. The DaBloustion chambers are generally larger,
and use more nozzles for feeding of the fuel tactiember.

Based on the report from the Norwegian Petroleursddrate [4], SAC-turbines have been
measured to emit 200ppm NOx, and the DLE-turbieesnt capabilities of operating with a
NOx-emission of 25ppm.

These figures for NOx-emissions are used in theistfer calculating the NOx-emissions
from the gas turbines, configured with and withN@x-reducing measures.

The figures for NOx-emissions are given in ppmné which relates to the flow rate of the

exhaust gas from the gas turbine. Ppm is an aldirenifor parts per million and the
conversion between ppm and a flow rate in m3/rescdbed.
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The exhaust gas flow rate from the gas turbingsvisn in kg/s, and a conversion to m3/s is
needed. For this conversion, the density of theweghgas is needed. The density of the
exhaust gas is assumed to be equal to the deffigitywhich is 1.2041 kg/m3 at 20°C and
101.325 kPa.

When knowing the flow rate and the density, theuamtric flow rate can be derived:

I:nfluegas [ kg/ % y { m° }
:V uegas | — (614)
pfluegas act[kg/ n'f’} e S

Wherep;,q..; «iS the density of the flue gas corrected to thealgiressure and temperature.

Since the ppm value relates to the volumetric ftate of the flue gas, the relation between
the NOx emissions in ppm and in m3/s can be expdess:

Vo7 4o x [ ppih 107 = \[ I s (e1.5)

Then, by relating to the density of NOx at the attemperature and pressure, the emissions
of NOx given in kg/s are derived:

L L) L
VNOX|: S:| pNOX’aCt|:n'?j| rn\le[ Sj| (616)

1.2.2 CO2 emissions

CO2 emissions are calculated in a different wageBlaon the combustion reactions in

Section 1.1, it is clear that the carbon containetie fuel converts fully to CO2 with air. In

the following, it is assumed that this is actualig case for the gas turbines on the FPSO-1
during production; that only negligible traces e carbon, CO, and un-combusted
hydrocarbons exist in the flue gas. This is a com@ssumption used in literature on the
subject [5]. Thus, a factor for how much CO2 igried relative to the fuel being used can be
derived. This factor is again related to the fued §ow rate, and hence the CO2 emissions are
relative to the fuel being used as well as the @aal flow rate.

The CO2-formation factap is derived in the following way:
From either the stoichiometric or the operatiormhbustion reaction from Section 1.1, 1.084
moles of CO2 is formed per mole fuel entering thmbustion chamber. By relating to the

molar weights of CO2 and fuel, as well as lowertingavalue of fuel, a figure for mass of
CO2 formed per energy content in the fuel is delive
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kgCoz

44— ——=
kmole, kmol 1
¢J=1.084k | % . kggoz . T o.zoaﬁW& (el.7)
mole,, 20.35 fuel 11.24 uel
kmole,,, KO e

where the lower heating value of the fuel is expedsas 11.24 kWh/kg, which relates to the
traditional unit for mass lower heating value (Ig)/kn the following way:

kJ

40450, kJ h kKwh
KO _q12489 N qq oW (e1.8)
3600% s kg kg

Formation of CO2 (given the assumption of full cersion of carbon in the fuel to CO2) is
thus a function of the carbon content in the ftieiqugh the combustion reaction), molar
weight of the fuel, and the energy content in thel.fOnce the flow rate of air is above what
is required for stoichiometric combustion, the floate of air does not influence the formation
of CO2.

1.3 Fuel gas consumption gas turbines

During operation of the FPSO-1 it is likely thae ttotal power consumption of the FPSO-1
will vary to some extent. The gas turbines are ected to control systems monitoring the
power load at all times, and the control systergsilege the speed of the turbine rotor,
thereby regulating the necessary flow of fuel ®glas turbine.

Factors determining the fuel gas consumption ofyeeturbine are ambient temperature,
efficiency of the turbine, rotor speed and the Iotveating value of the fuel gas. Figure 1.1
illustrates how these factors are related, andiublegas consumption is related to the given
LHV and the output (on the y-axis).

This diagram is for a Siemens SGT-700 gas turlaind,shows the nominal output and
efficiency versus the speed of the Free Power ferf8]. The nominal speed of the turbine is
6500 rpm.

In the diagram, lines for the ambient temperatueeshown. Given an ambient temperature
(30°C for the FPSO-1 project [7]) and the nominmded for the turbine one can find the
efficiency and the output in MW from the turbinBu$trated by the red arrows).

The relation to fuel gas consumption is as mentopttee lower heating value of the fuel gas,
and the efficiency of the gas turbine at the opegatonditions.

At the nominal speed of 6500 rpm, the ambient teatpee of 30°C, the turbine is operating

with an efficiency of 36%. Thereby, the theoretitedl gas consumption of the gas turbine,
relative to the given lower heating value in kJ/&an be found:
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Turbine outputhw ] _ - [Lg} (e1.9)

} - mfuel,theoretical

LHV fuel gas {k‘]
kg

When the figure for the theoretical fuel gas congtiom is known, the real fuel gas flow rate
can be found by relating to the efficiency of tles gurbine:

Mheoretical :
— = Miuel,real (ellO)
Ogasturbine
Hominal cutput and Eficlency va Fres Power Turbine Speed
0%
— -30°C
-] .::n-:ll-c'\-s R 17%
nelouiiel lesses CC
Q00 4 moar
LT ]
L= B0 C2E kg 6% ~184C
35i%
34000 4
ad u,lc
33
32000 A
32
n
30000 o 184C
30
l.-.-.
=
% 23
& 21000 -
=]
E ! ! I0°g
28000 4
-—-.-.
24000 4
qq_._l_‘-
A5
22000 o
200020 o
18002 T T T |
2000 40040 SQ00 2000 7009
Power Turbine Rofor Speed, rpm

Figure 1.1 Nominal output and efficiency vs. tudbnotor speed Siemens SGT-700 [6]
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By using the Diagram in Figure 1.1, fuel consumpfior the gas turbine can be found under
different operating conditions, a reduction in povead on the FPSO-1 would result in a
reduction of the output from each gas turbine,\a operating point (turbine speed and
efficiency (blue lines in Figure 1.1)) can be foundhe diagram, and a new fuel gas
consumption can be calculated based on the newvesitiy.

For simplicity and because no vendor is chosemhi@igas turbines, a fuel efficiency of 36%
is assumed and used in calculations for fuel gaswmption and CO2 emissions in this thesis.

1.4 Power consumption of compressors

On the FPSO-1 there are a number of large compresstalled in the liquefaction process.
These compressors count for the majority of theggneonsumption on the FPSO-1, and a
description of the theory of energy consumptioncmmpressors is given in this section.

Commonly, centrifugal compressors (either singdgestor multi-stage) are used in LNG
liquefaction processes. This is because the cormbmaf the pressure ratio and the flow rate
through the compressor favour these compressoishwhillustrated in Figure 1.2. On the
FPSO-1, the pressure ratios of the compressoheirefrigeration cycles vary from 1.6 to 5.5,
and the flow rates are in the range 2900 — 370@&dabt per minute [8]. Thus the
compressors are in the part of Figure 1.2 in wkialgle and multistage centrifugal
compressors are favoured.

s -\

Multistage
o Reciprocating
<
o
w 20
o Single-Stage
= / Recip. / \ \
%)
0 % e S .
c [~ Multistage
o »  Rotary Centrifugal
/.Compressors Multistage
Axial
L/
5 mgle/ Sta
entrif /
102 103 104 105 106

FLOW RATE (CFM)

Figure 1.2 Selection chart for compressors [9]

As a way of calculating the work of the compresstirs first law of thermodynamics can be
used. The full form of the first law of thermodyniasican be expressed as:
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%:an_zv\}ouﬁz@(myzm g} -Y m( W12 dz  (el.11)

in out

When discussing a compressor, the system over whecfirst law of thermodynamics is
applied consists of one inlet and one outlet, floeeethe summation signs cancel. Further by
assuming the compressor is operating at steady @atitions and assuming negligible heat
loss and contribution of potential and kinetic @yechanges, the first law is reduced to:

%:%—Zmuﬁ; mn( h+M+/gé)in—Zr}1out(h+M+/gé)

out out out

This givesw = m( h - h) [W]. Further, if the suction and discharge statesefiuid is

known (pressure and temperature), the actual wamkoe calculated, for instance by use of a
software which can produce log-p h diagrams foréhevant fluids. CoolPack is one such
program, and can produce log-p h diagrams withspiresand enthalpy ranges defined by the
user. Figure 1.3 shows a log-p h diagram for methasth a line drawn between suction and
discharge states for the inlet compressor on onleeoliquefaction trains.

Suction - Discharge C1, inlet

v [kPal

800 850 S00 950 1000 1030 1100 1150 1200 1250 1300
Enthalpy [i]/ke]

Figure 1.3 Log p-h diagram methane [10]

By using the first law of thermodynamics, and tbual conditions of the gas at suction and
discharge, the efficiency of the compressor isiipomted in the calculations. The efficiency
of large centrifugal compressors with a given fi@ate is a function of the pressure ratio over
the compressor and typically rises from zero thigghest value at an optimal operating point
defined by the flow rate and pressure ratio, beitodecreases when the pressure ratio
increases further.

In the thesis, the simulation program HYSYS is ugeabtaining values for the

compressors’ energy consumption. The theory destitbthis section is still valid for the
calculation performed by HYSYS.
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2 Offshore LNG liquefaction processes

Although LNG production has been carried out owaarty fifty years, and thus the
technology can be described as well proven, an LM@uyztion facility on a floating
structure has not yet been constructed.

The concept of floating LNG is however not new, maiband gas companies developed
plans during mid to late 1990’s, but large scatelthased plants took much attention because
of the economy of scale principle. In parallel darthis period, the oil industry continued
development of FPSOs for remote oil fields, takaglyantage of improvements in riser
technology and offshore oil transfer. Many of teehnological improvements in the oil and
gas industry can be applied to floating LNG praggeataking these projects interesting now
[11].

The LNG liquefaction process is actually a quitearprocess, in that it in essence consists
of one warm natural gas stream which is to be cbdlbere are several methods for carrying
out this cooling, and an absolute necessity optleeess is that heat has to be transferred
from the natural gas stream over a wide temperaape This implies exchange of heat with
one or more other process streams, and essentiafiys where the differences are in
liquefaction processes in use in the industry today

The main challenges of moving the liquefaction pssaeffshore from a technical point of
view is, naturally, the limited available space #amelimpacts from movement on the process
equipment as well as safe operation of the pro€xsghe basis of these challenges, some
LNG liguefaction processes are better suited ftshaire operation than others, and the
following issues need to be given special care:

* Equipment count for the entire process

* Amount of liquid hydrocarbon storage (safety)

* Time of start-up (and shut-down)

» Sensitivity to motion

* Robustness with respect to change of feed gas csitigro
» Necessary area for the process (footprint)

» Thermal efficiency

* Availability of the process

Liguefaction processes can be divided into diffetgpes as shown in Figure 2.1. The figure

differentiates between number of refrigeration egchnd type of refrigerant used, and lists
some industrial liquefaction processes by type.
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LNG Liquefaction

Several cycles

Single comp. Refr. | | Mixed Refr. | | Mixed Refr. | | Single + Mixed refr. || Single comp. Refr.
-Single N2 Expander - B&V PRICO - Linde MFCP - C3-MR - NicheLNG
- Shell DMR

- Axens Liquefin
- Technip Tealarc

Figure 2.1 LNG liquefaction processes divided tpety

The number of refrigeration cycles has great impadhe complexity of the process as more
refrigeration cycles require more equipment tortstalled (compressors, coolers, etc.). The
choice of single component or mixed type refrigetaads to the choice of heat transfer by
latent heat of vaporization or by sensible hea, diferent types of heat transfer with
different characteristics. The two types of heatgfar are described in [12].

The purpose of using mixed refrigerants is the ttaat different components have different
evaporating temperatures, and thus the refrigeev@gorate at gliding temperatures, making
a close temperature difference between the refiigeand the natural gas possible over the
entire temperature span of the liquefaction pracgkse match between the refrigerant and
the natural gas which is being cooled and liquefiedesirable with respect to necessary
work input to the liquefaction process. Anothertdea with evaporating refrigerants (mixed
as well as single component types) is that the tn@asfer rate during evaporation is much
larger than when two adjacent fluids exchange tieatigh sensible heat.

Figure 2.2 is a principle drawing of temperaturefies for natural gas being cooled (red) and
refrigerants being heated (blue) for two differeases, one where mixed refrigerants are used
(left) and one where single refrigerants not gaghmgugh phase transition are used (right).

T[] T[T
10C 10C
-160C — -160C —
Heat transferred [kW]

Figure 2.2 Temperature profiles of refrigerant aatural gas during liquefaction
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The areas A and B in the figure represent the thieatevork necessary for each principal
liquefaction process, and the area describing ¢leessary work input will always be smallest
when the temperature curves are closely matched.

Maintaining a small temperature difference in tidQ_heat exchanger is increasingly
important in the low temperature part of the heahanger, which explains the slopes of the
temperature curves of the refrigerant in the rjgdnt of Figure 2.2. The extra power input
needed to compensate for heat transfer acrossstacwemperature difference grows more
than exponentially as the temperature level iscedyl13].

Heat transfer by latent heat of vaporization reggithat the refrigerant undergoes a change in
phase from liquid to gaseous phase; therefore tkex@eed for storage of liquid refrigerants,
which consist of mainly hydrocarbons. This is a safisk as a leakage of liquid

hydrocarbons will lead to a significant risk ofefior explosion.

Heat transfer by sensible heat only requires tieatbld process stream has a lower
temperature than the hot stream over the entirpeéegiture span. The refrigerant may be in
liquid or gaseous phase, but is not going throughase transition. For offshore LNG
liguefaction processes, a favourable feature wbaldaseous refrigerant(s) since a gas is less
likely to dispose unevenly in the heat exchangersbse of hull movements. Use of gaseous
refrigerants would lead to the principle of sensibéat being used for heat transfer.

Some liquefaction processes are more suitableffsinare use than others, and a description
of three such processes is given in the followirite three processes are the Shell Dual
Mixed Refrigerant process, the NicheLNG processandvel process for LNG liquefaction
by using liquid nitrogen and liquid CO2, which @lled the Liquefied Energy Chain (LEC).
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2.1 Shell Dual Mixed Refrigerant (DMR) liquefaction  process

This is a process which has been developed by Shigjinally for land based LNG
liquefaction projects, but also for use on floafersproduction of relatively large quantities
of LNG. The process was considered for the Sunrseg, which was a project developing
a floating LNG facility capable of producing 5 MMTR#illion tonnes per yedrplaced in
the Timor Sea [14].

The liquefaction process uses two refrigerationeydboth with mixed refrigerants [9]. Thus
both refrigeration cycles utilise latent heat opeazation for heat transfer, and thereby
benefit from the close matching of the temperatumyes as shown in Figure 2.2. A principle
flow sheet of the process is shown in Figure 2.3.

Fuel
" LNG
bt ‘ e
1':. -l.l g .'-I =5 n—
Bt Be.
A - F o
2 s
i _le; e
Natural Gas ' ‘ R
1
._é_
Pre-cool Liquefaction

Figure 2.3 Representation of the Shell Dual Mixedrigerant liquefaction process [15]

Figure 2.3 is not particularly detailed, but illkeges a process using mixed refrigerants in both
refrigeration cycles; the pre-cooling and the ligiéion cycle.

The process uses spiral wound heat exchangers, afgahnore sensitive to motions than heat
exchangers where the fluids are in gaseous phasemdhon sensitivity of this heat
exchanger is a result of the tendency of liquidispose unevenly when the large heat
exchanger is moving. It is important for the op@rathat the same amount of heat transfer
takes place in each zone in the heat exchangeeftine it is desirable to limit the movement
of these large units as much as possible.

'MMTPA = Mille Mille Tonnes Per Annum = 1000*1000rtoes per year.
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The liquefaction plant was to be placed on a laaygdabout (400 x 70 m), built in concrete.
This size of the barge would lead to relatively dmadtions compared to those of many oil
FPSOs, and this may eliminate the potential probleth the liquid-filled spiral wound heat
exchangers. The environmental conditions on thdymiion site will also influence the
motions of the barge a great deal [16], and a iogathere the sea states are benign and the
wind conditions calm will also be beneficial witkspect to utilisation of equipment units
sensitive to motions.

This process is quite similar to land based liqu#dagrocesses in design, and even though
the equipment units need to be suited for a mamm&ronment, the efficiency and production
rate of the liquefaction process is comparablamnal lbased processes. The efficiency of the
process is in the range of about 12 — 13 kW/ton_Idd¥§ (0.29 — 0.31 kWh/kg_LNG) [17]
[18].

Shell’s solution for the Sunrise project was nanpteted as the field partners preferred a
land based solution [8]. However, the DMR technglagjl probably still be an option when
Shell develops new offshore LNG liquefaction prigec

2.2 NicheLNG liquefaction process

The NicheLNG liquefaction process is designed fadpction rates of about 1.5 to 3
MMTPA and is therefore relevant for slightly diffeteprojects than for instance the DMR
process [19]. The process uses gaseous refrigecagtsycle which is tapped off from the
main gas stream and one cycle using nitrogen ageednt. The use of gaseous refrigerants
means sensible heat is the principle which drikieshieat transfer, and thus no phase change
in the refrigerants is necessary. This again madkegtocess more robust with respect to
handling hull movements, since gases are not aslderio movements as liquids, with
respect to even disposal of heat transfer fluidhénheat exchangers.

The efficiency of this process is not as good as fimed dual-cycle mixed refrigerant
processes, because of the simpler design of tleegsoThe design with single component
refrigerants not going through phase change, madetshing of the composite curves for the
natural gas and the refrigerants more difficulntifanixed refrigerants going through phase
change were used. In that case the liquefactiocggsowould utilise the better heat transfer
rate with latent heat of vaporisation. During li€asion, the temperature curves (refer to
Figure 2.2) have generally larger temperature aiffees, compared to mixed refrigerant
processes, which again requires a larger amounbrk to be put into the process.

The efficiency of the process is about of 16.5 kWiiay LNG (0.40 kWh/kg_LNG) [17].
The higher specific energy consumption also meaatsthins process has somewhat higher
relative emission figures.

If only the efficiency of the process were the dami driver for selecting offshore LNG
liquefaction process, the NicheLNG process woutibpbly not be the preferred choice.

This process does however have the advantages ef Eyuipment count, non-flammable
refrigerant (nitrogen cycle), shorter start-up tiamel smaller footprint, which are reasons why
this process is well suited for offshore applicasio
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Figure 2.4 the NicheLN@quefaction process [19]

Figure 2.4 shows a process flow diagram of the &litNG liquefaction process. The process
uses one Brazed Aluminium Heat Exchanger for theehiaction of natural gas. The two
refrigeration cycles are shown, nitrogen whichlased and methane which is open.

The process has received an approval in principle)(&om the American Bureau of
Shipping (ABS), which is a major classification sbg similar to DNV, but has not yet been
built for offshore applications.

2.3 The Liquefied Energy Chain (LEC)

The liquefied energy chain describes a transpoihdbagas from an offshore gas field
which is used for power production with CO2 captaine storage, and thus the LEC requires
the LNG liquefaction project to be extended to atire value chain for natural gas and CO2.
This may not be relevant for the FPSO-1 project,dutcluded in the master thesis as a new
business development opportunity.

The process starts at an offshore location whergalagas is liquefied by the cold exergy
contained in an LNG vessel, which contains liquidogen (LIN) and liquid CO2 (LCO2).

After heat exchange with the natural gas, the gémois vented to the atmosphere. The CO2 is
transferred at high pressure to a nearby oil resefor use in a process for enhanced oil
recovery. The CO2 is pumped into the oil reserveia avay of keeping up the pressure,
making oil extraction easier. Enhanced oil recoveryften performed by pumping natural

gas into the oil reservoir, and it is envisagethm Liquefied Energy Chain that the natural

gas is liguefied and sold instead. By monetizirggriatural gas which otherwise would have
been re-injected in the reservoir, the LEC helplissetso-called stranded gas.
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The LNG is transported to shore where the cold gxisrgsed for liquefying CO2 and

nitrogen, the CO2 being supplied from a naturalfgad power plant with CO2-capture. The
natural gas fired power plant may either be a coneeal power plant where the reactants are
natural gas and air, or it may be an oxyfuel poplant where the reactants are oxygen and air.
The nitrogen to be liquefied may be supplied byiaseparation unit, which feeds the

oxyfuel power plant with oxygen [20]. If the natugas fired power plant is conventional, the
nitrogen must be supplied from another source thamir separation unit (which is needed in
an oxyfuel power plant, regardless if the nitrogeatilised or not).

The offshore process is in a given configuratiofrsgbported with power and hot and cold
utilities, which will simplify the offshore liquetdion process a great deal since the power
producing units can be avoided. The configuratioesdmowever set some assumptions, e.g.
that the natural gas is delivered to the liquetacprocess treated and at 70 bar [20]. These
assumptions mean that the process could need akpawer in other configurations, but the
overall power need for the process would be smdiken for conventional liquefaction
processes because of the utilisation of the coddggxin the arriving vessels.
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Figure 2.5 The Liquefied Energy Chain [20]

This value chain also needs CO2 emissions to begeta level which makes storage of
CO2 economically feasible. If that is the case,tBE may be a profitable way of handling
CO2 storage, because of the utilisation of theretise empty LNG carriers on the return
voyage to the gas field, and because of utilisatiocold exergy for liquefaction of natural
gas.

A serious challenge related to completing the ligpgeenergy chain is the high degree of
interaction between the different parts of the khAi successful completion of an LEC
project depends on an available gas field offshgpecialised ships being built, as well as an
available power plant and an air separation urshore. This will require a great deal of
commitment from the different actors in the chaispecially if the entire chain is to be built
simultaneously.
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3 Hoegh LNG FPSO-1 as designed

Hbegh LNG develops floating solutions for the LNGueachain. The first element in this
chain is a floating LNG production facility. Giveéhe nature of the production plant, i.e. the
fact that it is placed on a floating structure,esaV challenges and practical restrictions will
apply to an FPSO for LNG production. For instaribe,limited space available on floating
structures directly influences the maximum storaige production capacity of LNG. The
Hoegh FPSO for LNG production (referred to as FR$@-being designed for a production
capacity of 1.6 MMTPA, or 4600 ton/d [21].

The FPSO-1 project team finished the FEED phase (EnatEngineering Design) in March
2009, and this master thesis takes the design 8OFP as presented at the end of the FEED
phase as a point of departure. More detailed degiljbe carried out in the next phase of the
project.

The following section describes the processes odhibar FPSO-1, from the inlet of the main
gas stream to the storage of LNG, LPG and condenshe gas treating processes required
for producing LNG and separating LPG and conderama&docated on the deck of the FPSO,
and are described #setopsidesof the vessel.

3.1 Topsides — from turret to offloading

The FPSO-1 has a number of different systems iesltédl treat the natural gas before
liquefaction, storage and offloading, shown in Feg8.1. The figure describes the systems on
deck of the FPSO-1 as well as the storage faalifitie main flows are also shown. The
systems in Figure 3.1 as well as power generatiorudility systems are given a thorough
description in the following 5 Sections (3.1.1 t@.5).

Fuel Gas
Cco2 H20 Hg
T T I Liquefaction \
- Train 1
N Slug catcher/_> Acid gas > Dehydration— Hg L s NGL. LNG
Inlet system removal Removal Extraction X X Storage
Liquefaction /
Train 2
Amin
Regen.
LPG
Storage
Condensate
Storage

Figure 3.1 Topside processes on HLNG FPSO-1
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3.1.1 Gas treating, and fractionation of LPG and co  ndensate

The well stream of gas, condensate and water dhieisPSO-1 through an internal
disconnect able turret. It is foreseen that thd stebam has a pressure of 70 bar and a
temperature of 24°C (the same as the cooling viateperature) when entering the turret.

After the turret, the well stream is routed towgstatcher which holds liquid slugs and
separates liquid from gas. The slug catcher is dedigs two vessels on top of each other

with an open connection. The top vessel will segaitad liquid from the gas, while the

bottom vessel, which is filled with liquid, is agié separator separating condensate and water.

The main gas stream from the slug catcher is rasted inlet filter coalescer which removes
the last traces of free liquids in the main gasastr, and then to CO2 removal. The
condensate from the slug catcher is heated an@spized to flash off gas, before the
condensate is stabilized, cooled and routed tadhelensate storage tank [3, page 9]. The
overhead gas streams from the condensate flasbl\wsbthe condensate stabilizer are
compressed and added to the main gas stream feosiut catcher.

CO2 needs to be removed from the main gas streamvdkfreeze out on the cold surfaces

of the heat exchanger and thereby cause cloggmugthés is handled in an amine contactor.
Lean amine enters the top of the contactor, arfdamsine in which the CO2 is bound leaves
the contactor at the bottom. Rich amine is setitécamine regeneration system. The cleaned
gas from the amine contactor enters a water wasértand then a dehydrator filter coalescer
to reduce entrainment of amine. The bottom prodtitiewater wash tower and the
dehydrator filter coalescer contains some amiresdlstreams will be sent to the amine
regenerator system, as will the rich amine fromathnene contactor.

The main gas stream, now satisfying CO2 specifinatienters two molecular sieves which
reduce the water content of the gas to the amobiiwis allowed for liquefaction. After the
molecular sieves, the gas enters a mercury guardidech removes any traces of mercury.
Mercury reacts violently with aluminium, from whithe liquefaction heat exchangers are
fabricated, and thus needs to be removed. Onlydi®dogram/normal cubic meter is
allowed of mercury traces in the gas before engethie liquefaction process [3, pagel10].

After the mercury guard bed, the gas is routeth¢oNGL separation system. Some
hydrocarbon components need to be separated fremalim gas stream to satisfy the
requirements of heating value of the LNG. This vahay vary, for the FPSO-1 project the
LNG is specified such that the lower heating vdlugV) shall not exceed 1070 btu/scf (gas
for the American market).

Separation of these components (propane and hdgdevcarbons) takes place in a
cryogenic turbo-expander process which produceslléds with a LHV below the specified
value. The LHV decreases as propane and heavy harth@ts are removed from the gas.

The cryogenic turbo-expander process utilises ttietifat a gas going through expansion
significantly reduces its temperature, and themithbleed off heavy hydrocarbons as
necessary for reaching the higher heating valueifsgegtion. The main gas stream prior to
NGL extraction has a temperature of 38°C and aspresof 66 bar. In the NGL extraction
unit the turbo-expander reduces the pressure mRgiving a temperature of -65.5°C. At this
point the heavy hydrocarbons separate from the gesrstream. The turbo-expander is
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directly coupled to a compressor retrieving somtefmechanical energy produced in the
expander. Downstream the directly coupled comprefise temperature is 44°C and the
pressure is 30 bar. Thus, the NGL extraction sy$¢aiahs to a reduction in pressure from 66
bar to 30 bar. This reduction in pressure will hevbe made up for by compression at the
inlet of the liquefaction process, as this proagssrates at 74 bar in the current design. The
consequences of the pressure dip at the NGL extnaistdiscussed in the Section “FPSO-1
Improvement Potential.”

The NGL extraction system is today designed forreege feed gas composition. The actual
feed gas composition may differ a great deal froengeneric; therefore a possibility is
identified for simplifying the NGL extraction syste which is quite complicated in the
current design due to the wish to be able to haad&atively wide range of feed gas
compositions. This is also described in the Sec¢#HS50-1 Improvement Potential.”

3.1.2 LNG Liquefaction

Lean gas from the NGL separation system is roudedd LNG liquefaction process. Two
identical trains of Randall’'s patented NicheLNG ldergpander process cool and liquefy the
gas. This process is characterized by the use ebgagefrigerants, and the use of expanders
for acquiring the cooling duty. The lean gas from NGL extraction is liquefied at 74 bar.

The process uses two refrigeration cycles, one mvéthane as refrigerant and one with
nitrogen. The methane is taken from the main gasusty de-pressurized in an expander
(thereby cooled), and sent through the main LNG &eehanger for cooling the main gas
stream to - 80°C. A nitrogen refrigeration cycleydes further cooling of the main gas
stream to - 160°C. For a more detailed descripticthe thermodynamics of the LNG
liguefaction process, see the theory section a@fl The liquefied natural gas enters an LNG
receiver, where some gas flashes off and is ulilésefuel gas for the gas turbines. The LNG
flows by gravity to the LNG storage tanks.

The NicheLNG dual-expander process has a very gduetént safety and a reasonably good
efficiency, which were two reasons for selecting ffrocess for liquefaction. The process is
considered to be safer than for example the propesteooled mixed refrigerant process
because of the inflammable refrigerant nitrogerdusehe process. The use of nitrogen
means that there is no liquid hydrocarbon storagesffrigeration, which eliminates the risk
of leakage of liquid hydrocarbons in the liquefantprocess area. A leakage of liquid
hydrocarbons, such as propane, would cause a seslerd a fire or an explosion.

3.1.3 Power generation

The FPSO-1 is equipped with seven gas turbineshafhnsix are providing all the necessary
power for the topsides processes and the hull ardsoin spare. The gas turbines are of aero
derivative type and are coupled to electric gemesatvhich in turn distribute the power to the
topsides processes and the hull. The turbines acegltogether as a separate module on the
deck of the FPSO-1. Three of the turbines are cdaddo waste heat recovery units, of
which one is in spare at all times.

The overall electric power consumption on the FPS®e€hlculated to be 157.1 MW under

normal operating conditions [22]. At this stageltd project (the end of FEED) no vendor is
selected for delivery of gas turbines, and theesbochoice has to be made for which gas
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turbines the calculations in this thesis are based’ he Siemens SGT-700 gas turbine is
considered plausible for calculations performethia thesis. This gas turbine has an average
power output of 29 MW [23].

3.1.4 Utility systems

Utility systems are systems which contribute todtierall performance of a process. Usually
in thermal processes, cooling water and steamargidered the two most important utility
systems.

There are several places in the process where gowhier is needed. Cooling water is used
to reject surplus heat in a process stream, whsrstiteam needs to have its temperature
reduced. The cooling water system is a utility systeince it is helping the main system (e.g.
the liquefaction process) to perform accordingésign. The cooling water system on the
FPSO-1 consists of two separate cooling water sydee is closed and uses oxygen free
water as cooling media, the other is open and ses&svater as cooling media. The sea water
dumps the heat taken up in the closed cycle ta¢he

Steam at two pressure levels (medium and low prepas well as hot water is produced in
the waste heat recovery units connected to théugbmes. Medium pressure steam is used in
the reboilers of the fractionator separating LP@ eondensate, and the stabilizer stabilising
the condensate coming from the slug catcher. Lassure steam is used in the reboilers of
the amine regenerator and in the “deethanizer’ragéipg ethane and heavier hydrocarbons
from methane, and hot water is used in a regeoargas heater and a fuel gas make-up pre-
heater.

3.1.5 Storage and offloading

LNG is stored in the ships hull in tanks eitheiGHT No. 96-type or SPB-type tanks
depending on which ship yard will be chosen forstarction of the FPSO-1. Both tank types
have flat tops, making the selection of these tygeéanks over spherical Moss tanks obvious
for an FPSO, where the deck area above the tanksised for process equipment. A total of
ten tanks are installed, eight for LNG, one for L&l one for condensate. The majority of
the storage volume is dedicated to LNG, 190 000tR& and condensate have storage
volumes of 16 000m3 and 14 000m3, respectively.

Offloading of LNG and LPG is carried out in side $igle operations using flexible loading
arms designed for cryogenic fluids. Condensatdfigaaled in tandem operations by use of a
floating hose, similar to offloading from 0il-FPSOs

3.2 Design- and Operation philosophy

During the different phases in the project’s |iedi, from concept study to commissioning
and operation, some philosophies are used asfbasige project’'s way forward. The design
of the FPSO-1 is carried out according to some @mgpecific guidelines, which make up
the design philosophy for the project. In the savag, when the FPSO-1 is on site and
producing, the operation of the vessel is carrigdagcording to the operation and
maintenance philosophy of the company.
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In these philosophies issues such as the lifetiinleeoproject (units need to be designed to
last the entire lifetime), rotation of the crewdamplementation of emission reducing
measures where this is possible are addressed.eBignghilosophy and the operation and
maintenance philosophy are to an extent projedipebut are based on policies stated by
the company.

The environmental issues related to Hoegh LNG’selesse managed by Hoegh Fleet
Services (HFS), which is responsible for the emuinental policy of the company.

In the HFS environmental policy it is stated the tompany’s aspirational goal &€fro
harm to people and the environmesatrid that the company seeksanimize and, where
possible, eliminate our environmental impacts dirae [24].”

Further, the company states that take active measures seeking new technology and
methods to reach beyond the requiremenfsiternational and national legislation and
guidelines) [24] The environmental management systeRbegh Fleet Services is certified
to the environmental standard ISO 14001.

The environmental policy represents the organisatiawareness that the operation of the
vessels impacts the environment. When emerginghenasegment of the LNG market, the
impact on the environment from Hoegh LNG's fleell wiost probably increase, due to more
vessels in operation and the particulars of the wiesgels being built. The FPSO-1 is a vessel
which will impact the environment in a substangialfferent way than a traditional LNG
carrier.

The HFS environmental policy may directly influet@egh LNG’s operation philosophy for
the FPSO-1, and impose restrictions on certainatipgy modes which for instance will
require flaring. It is important to be aware of ttensequences that will follow as a result of a
certain design or operation and maintenance piplogaand this is discussed with respect to
flaring in the following section.

3.2.1 Flaring — safety and availability

Flaring of natural gas is necessary in processtshydrocarbons and acts as a safety
measure when one or more parts of a process corgdigdrocarbons are not functioning
satisfactorily. When this is the case, the stredhydrocarbons which can not be handled by
the process is routed to the flare tower wheréntftgocarbons are combusted. For natural gas
processes, flaring eliminates the risk of presbuikel-up in the process piping with risk of
rupture of piping and leakage of explosive and flfaable gases. Venting the gas to the
atmosphere is not a desirable solution, since éisargquestion is flammable, and causes
more harm to people and the environment than theastion gases from the flare.

Flaring causes large amounts of emissions of C@,Mnd particles to the atmosphere and
is becoming an increasing headache for oil anctcgagpanies striving to impact the
environment as little as possible. On the basth®fvish to minimize the company’s
environmental impact, which is stated in the HF@iremmental policy, Hoegh LNG seeks to
limit the amount of flaring on the FPSO-1. Howesame flaring cannot be avoided, and the
issue of limiting flaring is closely linked to tlugfferent operating modes of the vessel.
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In the Operation and Maintenance Philosophy issaethe front end engineering design
phase, different operating modes are described Nyjnal operating modes are defined as:

Steady state production
Simultaneous production and offloading

It is further stated in the O&M Philosophy th&fthe main objective of the production
function is to utilize available systems for optiq@duction ... while maintaining an
acceptable safety level and causing minimal enwviremntal impairment.’Also, it says that:
“Offloading shall not interfere with production cequire flaring.”[25]

The two operating scenarios described are thusrtlyesoenarios where flaring is restricted,
based on Hoegh’'s O&M Philosophy for the FPSO-la®festate production describes the
processes on the FPSO-1 running under conditiomshwasult in LNG which meets the
specifications being produced. These two operatrgarios are likely to be the dominating
operating scenarios, which again should imply thast of the time the flare on the FPSO-1
should not be in operation.

There are a number of other operating scenarioshwhiit require flaring to some extent. In
the event of failure of equipment which is nonicat for LNG production, one is given a
choice of bypassing the equipment by flaring, artshg down the gas stream. Equipment
which is non-critical for LNG production and can lingassed by flaring is for example
selected equipment in the amine regeneration sy&amme flash scrubbers and coolers).

Shutting down the gas stream to the equipmentwimith fails may include shutting down
the entire topside process on the FPSO, becauseisheo alternative to flaring when there is
a need for disposing of a part of the gas streamhwio longer can be handled by its
dedicated equipment. By shutting down the entipsitte process on the FPSO-1, the
environmental impact from the facilities will pasisi be more severe than if flaring is
allowed in certain cases.

When shutting down cryogenic processes, the teriyrera the cold units rise quickly and
there is a limited time gap for when the processesbe started again without going through
an extensive start-up procedure. During the stagrocedure, flaring is un-avoidable, and
the start-up procedure may be longer than the d¢ibflaring. Moreover, the flow rate of
flared gas is most probably larger during a stprtiithe entire topside process, than during
flaring when selected equipment fails.

Flaring when non-critical equipment fails will alserease the availability of the FPSO-1,
because the LNG production is still running. Thifl vasult in a larger produced volume of
LNG per year compared to if no flaring is allowadd the liquefaction process has to be shut
down more frequently.

It is worth noting that a client for the project ynaant other guidelines to be followed with
respect to flaring and environmental impact in gahé\lso the legislation of the area where
the FPSO-1 will be situated will have to be takeio iaccount when determining the final
operation (and flaring) philosophy.
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3.3 Consequences of the design at end of FEED

In this section some findings from the design atehd of the FEED phase are looked into.
These are findings which are identified as havipgssibility of improving the energy
efficiency or the environmental impact for the FRE0F the findings result in a change in
design at a later stage of the project. This sedliscusses the consequences of continuing
the project with the design as it is at the enthefFEED stage. Later in the thesis, Section 4,
certain improvement potentials are discussed.

The findings discussed here are:

* The energy consumption and the energy efficiency

* The emissions to air during normal production

» The emissions to air resulting from flaring durihg initial start-up of the FPSO-1
* The availability of the FPSO-1, and the resultingslon LNG production

* The design of the NGL extraction resulting in a pues dip of the main gas stream
* The use of a generic feed gas composition

At the end of this section, key figures for the ERBas it is designed today are presented.

3.3.1 Energy Consumption — efficiency

The main process contributing to the energy consiomoin the FPSO-1 is the liquefaction
process. Within the liquefaction process, the casgors installed count for the largest
energy consumption. The liquefaction process isrdestin Section 2 and [12], and is
considered a good choice for offshore LNG produnctiae to its reasonably good efficiency,
low equipment count and its level of safety.

The energy consumption is presented in three diffexays.

» Specific Energy Consumption is a measure of how nemehngy it takes to produce
one ton of LNG. This quantity may be compared t@ottNG processes, given
certain assumptions which are explained furtheowel

» Total Liquefaction Power is the total power requifedrunning the liquefaction
process. This quantity is presented as it giveglnfgof how much of the Total
FPSO Power Load is used by the liquefaction process

» Total FPSO Power Load is the total power consumpmifdhe FPSO during normal
production. This quantity is presented becauseettmnection between this number
and the CO2 emissions to air from the FPSO-1.

The numbers for Specific Energy Consumption and Totplefaction Power are based on
HYSYS simulations. The HYSYS files are originallyeééoped by SINTEF as a verification
of the liquefaction process, and have been modibdit the design at the end of the FEED
phase [8]. The figure for Total FPSO Power is basedroelectric load summary from CB&l
[22].
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Specific Energy Consumption [kW/tonLN&ydl 21.01

Total Liquefaction Power [MW] 99.4

Total FPSO Power Load [MW] 157.1

Table 3.1 “Energy consumption of FPSO-1 — as desigit end of FEED”

The efficiency of the liquefaction process is ddsedli by the specific energy consumption.
The well known C3-MR process used in many plantddwode has a specific energy
consumption of 12.2 kW/tonLNG/day [17]. It is obu®that the process chosen for the
FPSO-1 is not as efficient as base-load LNG pladtsvever, the process is more efficient
than other simple LNG liquefaction processes wicimhild be considered for offshore use,
such as a single nitrogen expander process whila specific energy consumption of 40.5
kW/tonLNG/day [17].

When comparing efficiencies of different LNG ligaefion processes it is very important to
be aware of the conditions under which the efficies are calculated. These conditions are
however often company specific information whiclumavailable to the public, making a
direct benchmark between liquefaction processefieult task. The main characteristics for
the different liquefaction processes may neverisebe extracted and used as input for
describing tendencies in differences in energyiefficy between different processes.

On this basis, it is safe to say that large baad-lONG plants (the C3-MR process for
instance) are more efficient than the NicheLNG pss¢ which again is more efficient than
single nitrogen expander processes. The figuresrergy efficiency should only be used as
guidelines when the full list of assumptions ungeg the calculations is unknown.

When looking at the figures for energy consumppogsented in Table 3.1, they might not
tell the reader much about the real magnitude efggnwhich is being used, and what amount
of energy which is bound in the product from theSERL. Therefore it is useful to relate these
figures to other sources of energy consumption.

The FPSO-1 has an installed LNG production capatify6 MMTPA (1.6 million tonnes
LNG per year). The LNG has a mass lower heatingevafu19.17 MJ/kg. By relating the
production capacity of the FPSO-1 to the lower ingatalue of LNG, a figure for the total
energy content (in Joule) in the LNG produced atRRSO-1 during one year is obtained.

The energy content in the LNG produced at the FP$91&ell as other selected figures for
amounts of energy is presented in Figure 3.2.
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Figure 3.2 Selected amounts of energy relativenegy content in LNG from HLNG FPSO-1

This figure shows that the energy content in the LfiG the FPSO-1 produced during one
year corresponds to 10.2 % of the net energy ubliway (2007 level). This is a substantial
amount of energy, considered that it origins frosirgle process plant.

The energy content in the LNG produced during oree frem the FPSO-1 could cover 35%
of the yearly amount of energy consumed relatedltand gas extraction in Norway. These
amounts of energy are comparable since they batbkigtoof chemical energy which is
transformed when LNG and natural gas (for gas n@don platforms in the North Sea) is
combusted.

The figure for energy consumption of private housghan Norway is also included in the
figure for illustration. This figure is however nditectly linked to the energy content in the
LNG from the FPSO-1, as the energy consumed in Hgian households is almost only
electrical energy. There are losses connectednseftraning thermal energy to electrical
energy, which would have to be accounted for ifltN& were to be used for electricity
production.

The main purpose of Figure 3.2 is to give an undadihg of the magnitude of the energy
produced as LNG during one year from the FPSO-1.FR®O-1 is after all a relatively small
LNG production plant, but the yearly energy contemiind in the LNG still makes up for a
recognisable amount of energy compared to the ¢éolgy consumption in Norway.

This illustrates one of the most important featwesNG the 600-fold reduction in volume
when natural gas is liquefied. A substantial amair@nergy is bound in a small volume.

3.3.2 NOx Emissions — normal production

As part of the environmental impact from the FPS@#tiissions to air during normal
operation have been calculated. Focus has bee®@re@issions, as there is rising concern
about the impact of this green-house gas on theamaent, and because CO2 is the major
type of emission resulting from combustion of nat@gas in a gas turbine. The most
important other type is NOx emissions. Particled sunphur oxides are not considered to be
present in the exhaust gas flow because of thebial used. It is important to note that this

Stud.techn Lars Petter Revheim 24



assumption requires gas-operation of the gas tesbifhe gas turbines are capable of running
on liquid fuel as well, but this is only considetedoccur under start up of the gas turbines
when no natural gas is available for fuel, andosaonsidered further in the thesis.

There are not set any limits on emissions to amftbe gas turbines at this stage of the
project [26]. It is however stated in the techndescription for the gas turbines that:

“All gas turbines are to be equipped with Dry Low Esidon combustion systems. ahd:

" Note:...Seller is requested to investigate how far thgliaption of Single Annular
Combustors design could be selected, and to inRBuger about impacts regarding GT
design and emission value effects.”

The Dry Low Emission combustion system used on teen8ns SGT-700 gas turbine results
in NOx emissions of 15 ppm [23], whereas normalssion levels of NOx from Single
Annular Combustion systems are 200 ppm [4].

NOXx emissions are calculated by the given numbrepaits per million (ppm) for Dry Low
Emission and Single Annular Combustion systems tlaadjiven exhaust flow for the gas
turbines. The NOx emissions are not dependent oarttoaint of fuel being consumed, as
both compounds in the NOx molecule origins fromaaud not from the fuel. Thus the NOx
emissions are considered constant once the gasdarhave reached their normal operating
load. Due to this particularity of the NOx emissdrom the gas turbines, the only relation
between NOx emissions and produced amount of LN&rarunt of fuel consumed would
exist if one or more gas turbines were stoppedtdless energy consumption in some
operation modes.

During the operation mode described as normal mtiahy six gas turbines are running.

For details on calculations, see Appendix A. Theeetgd NOx emission values for the gas
turbines during normal production are presentethible 3.2.

DLE SAC
NOx emissions, normal prod. [kg/s] 0.00371 0.455
Total Annual NOXx [ton/year] 116.99 14348.88

Table 3.2 NOx emissions (as N20) from DLE and SA@isustion systems

It is clear that a substantial amount of NOx eroissican be avoided if the Dry Low

Emission system is chosen for the Siemens SGT-#0thas The FPSO-1 project will
probably be subject taxation of NOx emissions, thimlis discussed in Section 3.3.5
“Emissions — costs”.

3.3.3 CO2 Emissions — normal production

CO2 emissions from the gas turbines are calculayadsing a quantity which tells us how
much CO2 is formed per kWh fuel consumed in thetgdsnes. This quantity is dependent
on the conditions at which the combustion of ndtgas takes place. In the combustion
chamber of a gas turbine, the chemical reactiomsifay combustion products from the
streams of fuel and air are dependent on the anafwait supplied per amount of fuel.
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Typically for combustion in gas turbines the amooirdir supplied per amount of fuel
supplied is much larger than what is required fonplete combustion, resulting in the
dominating products being formed are CO2 and H2@. dihto fuel ratio is often in the
range 30 — 60 kg_air/kg_fuel.

Nitrogen acts mostly as an inert gas passing throlig combustion chamber without taking
part in the reactions. However, because of the tagiperature zones in the combustion
chamber, some of the nitrogen does react with axyigeming NOx-compounds. The
formation of NOx-compounds is independent fromfthrenation of CO2, and does hence not
influence the amount of CO2 in the exhaust gasngton of NOx could influence formation
of CO2 in the case that not enough oxygen atomprasent in the combustion chamber to
ensure that two oxygen atoms attach to each catoon, but that in stead one oxygen atom
reacts and CO is formed instead of CO2. In a gdsn® however, the air to fuel ratio is
considered to be so large that the absolute mgjofrithe carbon in the fuel is bound in CO2.

The CO2 emissions from the FPSO-1 will differ in misigde as the FPSO-1 is operated
under different scenarios. For the calculationthis thesis, power consumption during
production of LNG and power consumption of the kilen the liquefaction process is shut
down is considered for emission calculations fromgas turbines. Also, the gas cleaning
process where CO2 which is present in the gasnstheam the well is removed contributes to
the total CO2 emissions from the FPSO-1. It is mezslithat the gas cleaning process is only
operating when the liquefaction process is opegatin

Thus, the equation for emissions from the FPSO-%istsof three parts:

» CO2 emissions when the turbines deliver the taialgy of the FPSO-1
* CO2 emissions when the turbines deliver the poeguired for the hull only
* CO2 emissions from gas cleaning

The total flow rate of CO2 from the FPSO-1 can beressed as:

rnCOz,tot = mcq, LNGproduction+ mcp huIIpoweF" m GO gasatérag (931)

The availability of the FPSO-1 impacts the CO2 eiarsssince the availability says how
much of the time power for LNG production is regdirand how much of the time only
power for the hull is required. The power requiredlfNG production is 157.1 MW, when
the LNG production s shut-down it is assumed thatentire topside on the FPSO-1 is shut
down. With this assumption, the power requiredti@ hull only is 19.3 MW [22]. This
assumption is not unrealistic since a shut dowh®iLNG process in fact will lead to shut
down of the entire topside process when no flaisrejlowed, which is the basis for the
availability of 87.7% (which is the availability tiie topside processes on the FPSO-1
considered in this section before any improvemeigitials are discussed). Emissions as a
result of additional power consumption under sian#tous production and offloading to LNG
shuttle tanker are not calculated.

For details of the calculations of CO2, see Apjped Table 3.3 shows the different flow
rates of CO2 emissions resulting from the FPSO#h an availability of 87.7 %. The total
CO2 emission with availability of the FPSO-1 of ¥W0Qin other words, full LNG production
all days of the year) is also listed for comparison
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CO2 emissions from HLNG FPSO-1 (87.7% availability) [ton_CO2/year]
Flow rate CO2 (GTs at total power = 157.1 MW, 87 @Pthe time) 699 387
Flow rate CO2 (GTs at hull power = 19.3 MW, 12.3%ha time) 12 059
Flow rate CO2 (gas cleaning, 87.7 % of the time) 119 217
Total annual CO2 830 663
Total annual CO2 (100 % availabilit 933 414

Table 3.3 CO2 emissions from HLNG FPSO-1 (87.7%l alvéity)

The table shows the amounts of CO2 resulting fragrofteration of the FPSO-1. However,
these numbers are difficult to understand fullgh#y are not compared to other sources of
CO2 emissions. To get an understanding of the madmiof the emissions from the FPSO-1,
it is useful to compare to the annual Norwegianssions, presented in the report “National
Inventory Report 2007,” published by the Norwedrailution Control Authority (sft) [27].

In the National Inventory Report 2007 [27], greem$® gas emissions are reported from the
time span 1990 — 2005. Figure 3.3 shows the NoaveGiO2 emissions in total, from the
Norwegian oil and gas industry, and emissions tiegufrom road traffic in Norway.

CO2 emission sources
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Figure 3.3 Selected CO2 emission sources relatitt NG FPSO-1

As the Figure shows, the CO2 emissions from theJ=R$s relatively small compared to the
total Norwegian emissions, the emissions from thara gas industry or the emissions from
road traffic. The HLNG FPSO-1 emissions count f&31% of the total Norwegian CO2
emissions, and for 6.7 % of the emissions resuftioigp the oil and gas industry in Norway
(2005 levels). The total CO2 emissions from the FRSDe however noticeable, which
reflects that production of LNG is a process whices impact the environment a great deal
with respect to emissions of greenhouse gases.

Table 3.3 shows that there is a substantial increa€©2 emissions if the FPSO-1 operates a
whole year without failure, but this will naturalyad to a larger volume of LNG being
produced. A similar Table is shown in Section 4 M& FPSO-1 Improvement potential”,
where an availability of 91.9% has been identiffexklected flaring is allowed.

Stud.techn Lars Petter Revheim 27



Another apparent comparison of CO2 emissions wbald similar LNG plant, equal in
layout and production capacity, but using a diffédeuefaction process. Unfortunately, no
such plant exists today, however Statoil’'s Melkglant is quite similar in some ways. The
liquefaction section was prefabricated in Spain #wated on a barge to northern Norway,
which made footprint of the liquefaction processssue on this plant as well, which
probably, impacted the choice of power productigsteam to some extent.

The Melkgya plant has an installed production capadi4.1 MMTPA, which is about 2.5
times the capacity of Héegh LNG’s FPSO-1 [28]. Tingtalled power production capacity on
Melkgya is 215 MW, and StatoilHydro states thatrti®?2 emissions from the power
production unit will be920 000 ton/yeal29]. These are emissions from the power
production unit only, which feeds the liquefactignocess as well as the gas cleaning and inlet
systems (similar to Figure 3.1 for the FPSO-1). ¢tvaparable figure for the emissions from
the FPSO-1 would be CO2 emissions relative to tivegp consumption of the systems in
Figure 3.1, the topside, only. The total power comstion of the FPSO-1 (157.1 MW) is not
comparable, as there are a number of systems tpkingr from the gas turbines on the
FPSO-1, which take power from the power grid onkdgh, such as housing, control systems,
lighting etc.

The relevant power consumption for the topside meeeis 137.8 MW [22], and the
resulting CO2 emissions relative to the topsidegsses aré@l13 403ton/year
(ref Appendix A).

It is difficult to compare directly, the emissiofnem the FPSO-1 and the emissions from
Melkagya, when the methodology for the emissionudaltons at Melkgya is not known. What
is safe to say is that when relating to emissi@rgpoduced ton of LNG, the FPSO-1 impacts
the environment more than the Melkgya plant. Thauis to the less efficient liquefaction
process in use, which influences the power consiompff the entire topside process.

3.3.4 Emissions — flaring

Flaring is a safety measure for processes contamydrocarbons in liquid or gas phase, and
is necessary when certain failures occur or wherFhSO-1 is operated according to certain
operating modes. When equipment which is not alifiar the LNG production fails, there is
a choice of bypassing the unit with failure therdlaying the stream of hydrocarbons which
would normally have been routed to the unit, orttshg down the gas stream to the unit.
Shutting down the gas stream to the unit would exsdly mean shutting down the entire
topside process, as described in Section 3.2.1.

During the initial start-up of the FPSO-1, flariisgrequired while different process units
reach their operating conditions. To reduce the arholflaring as much as possible, start-up
is done with the liquefaction trains running at miom turndown, which would lead to 50%
of the production capacity being flared. The turnd®tates at which minimum flow rate the
liquefaction process can operate, and this figsifP6 for the processes on the FPSO-1.

There are many factors which will influence the dioraof the start-up sequence, since there

are a large number of units in the process whoderpgance must be measured and approved
before the next step in the sequence is starteésfimate of about two days for the time of
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the initial start-up of the FPSO-1 is given by Themarsen, Senior Project Manager in the
HLNG FPSO-1 project [30].

A patrticularity of flaring is the relatively larglame at the flare boom tip, and the
complicated combustion which takes place in theélaAs a way of calculating emissions
from flaring in an easy manner, the Norwegian RmtuControl Authority has developed
average emission factors from flaring of natura gaoffshore oil fields [23, page 114].
These factors are given in Table 3.4 and are usdtidaralculation of emissions from the
FPSO-1.

The amount of gas flared during the start-up is 9®%e design production capacity of the
FPSO-1. The well stream to the FPSO has a flowafa®e47 million Sm3/day. Table 3.4
shows the emission quantities for flaring of 50%hef well stream.

Emission factors for flaring

CO2 [kg CO2/Sne&sp 2.43

N20 [kg N20O/Smasy 0.00002
CO [kg CO/Siyess] 0.015

Emissions per hour from flaring during initial star t-up (50% of well stream)

CO2 g[€02/h] 428 794
N20 g[k20/h] 3.5

CO [kg CO/n] 2 646.9

Table 3.4 Emission factors and Emissions per hating initial start-up

Given the expected time of two days for the inigirt-up, the emissions during the initial
start up become:

Emissions from flaring during initial start-up (50% of well stream)

CO2 [ton CO2] 20 582
N20 [ton N20O] 0.168
CO [ton CO] 127

Table 3.5 Total emissions for an initial start-upgedure of 24 hours

However, these values are only estimates anchggamed that the initial start-up proceeds
without interruptions or failures of any kind. Theé dependent emission figures give a
better view of the emissions from the FPSO-1 dutiraginitial start-up. These figures are
relative to the amount of gas being flared, anddestart procedures, the emission factors in
Table 3.4 should be used together with the flow oéigas to the flare and the duration of the
flaring.

In this section, it is assumed that flaring frora #2SO-1 only occur during the initial start-up
procedure. This assumption is based on a RAM (Rétiabnd Maintainability) study
performed by DNV (Det Norske Veritas), which cord#s with two different availability
figures for the facilities based on a no-flaringsario and a selected-flaring scenario. The
better availability from the RAM study, which witad to some flaring, is discussed in
Section 4 "HLNG FPSO-1 Improvement Potential.”
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3.3.5 Emissions — costs

In most waters around the world, some sort of taratf NOx emissions has to be paid to the
shelf state. Since the FPSO-1 still has an und@texdrocation, only an indication of the cost
related to NOx taxation is given in the thesisdobsn the Norwegian NOXx tax.

The Norwegian NOx tax is 15.85 NOK/kgNOx, and Tahk shows the annual cost for this
NOx tax for the emissions from the FPSO-1.

NOXx tax = 15.85 [NOK/kgNOX] DLE SAC
Total Annual NOx [ton/yeal]43.20 573.96
NOX tax [NOK/yed 684 720 9 097 266

Table 3.6 Costs related to NOx emissions, relatveombustion system

As the table shows, approximately 8.4 million NOéhde saved annually if the Dry Low
Emission combustion system is chosen, this saving then be evaluated against the
additional investment cost related to the DLE costion system.

CO2 emissions may also be subject to taxation winer&PSO-1 is operating. The taxation
of CO2 emissions is done by trade of CO2-quotakulope companies that are subject to
reporting of CO2 emissions, receive CO2 quotasesponding to a certain amount of tonnes
CO2 that the company is allowed to emit. AdditioB&?2 emissions must be paid for through
purchase of CO2 quotas.

The HLNG FPSO-1 may be subject to CO2 taxationybllialso most probably receive an
amount of CO2 quotas, the magnitude of this reckaraount is difficult to predict and will

be determined by the government of the country whegislation applies on the production
location.

The price for CO2-quotas is per 21.05.2009 EUR 1petr3on CO2, and the cost of the total
CO2 emissions from the FPSO-1 as presented in Babhould be 12.6 billion Euros for an
availability of 87.7%. It is however not realistltat the entire amount of CO2 emissions will
be subject to taxation.

3.3.6 Availability — cost

The RAM study performed for the Hoegh LNG FPSO-Jjguhas included two different
availability figures, relative to the amount ofrfleg allowed. In the original scenario no
flaring is allowed, which leads to the result ttia facilities have an availability of 87.7% or
approximately 320 days per annum of productiondGL{31].

The yearly production of LNG given this availability

ton. . ton
1.6-1(5’[ N%ear} 0.877% 1.403 f(% NG yearJ

This figure corresponds to a reduction of 196 &bthes of LNG compared to full production
all days of the year. In the following this amoisiteferred to as “Lost LNG” and has a value
which, given an availability of 100% of the FPS@vduld come to the project.
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The value of the LNG is not set; it depends vergiman the oil price. Normally a factor of
5.8 is used in the LNG industry for converting beén the oil price in USD/barrel and the
price of LNG given in USD/mmbtu [32]. Based on tbh@version, an oil price of 50
USD/barrel will normally correspond to an LNG prige8.6 USD/mmbtu. The investment
bank Carnegie predicts oil price of 80 USD/barfedra2010, but this may change based on
the development of the financial markets world wig2).

Since the FPSO-1 is expected to be on-site ancupnogl first in 2013, the oil price may not
be at the value predicted for 2013 today, and aasa@for a high oil price and one scenario
for a low oil price are presented for the valuéehaf lost LNG resulting from the availability
of 87.7%.

Table 3.7 shows the value of the lost LNG. Two Lpit&es are estimated, one based on an
oil price of 50USD/barrel (8.6USD/mmbtu), and oresdéd on an oil price of 80 USD/barrel
(13.8 USD/mmbtu).

Conversion is needed for expressing the amourdstilING as an energy content given in
Btu, and this conversion can be expressed in tl@xfimg way, by relating to the lower
heating value of LNG (49170 kJ/kg [8]).

196800- 10 kg } 49170kJ kg ¥ 9.68 10 KJ

The annual amount of energy can be converted tsBithermal units (Btu) by the following
relation:
1kJ =0.9478Btu [33]

This gives:
9.68. 10° kJ ]+ 0.9478PBtu /kJF 9.17 16 BtuF 9.1 f0 mmBtL

Lost LNG volume Value of lost LNG Value of lost LNG
(8.6 USD/mmbtu) (13.8 USD/mmbtu)
196 800 lton/yeatl e o6 [million USD] 126.55  [million USD]
9.17 E+06 [mmbtu] '

Table 3.7 Value of LNG lost as a result of an alzlity of 87.7%

Based on two different oil price estimates, thaigadf the LNG which is not produced is in
the range of 79 — 127 million USD, which is a sabsll amount of capital for every project.
It is therefore not a surprise that the project emsractively seek measures of improving the
LNG production availability, and this is discussedhe Section 4 “Hoegh LNG FPSO-1
Improvement potential”.

3.3.7 NGL Extraction — robust but complicated

In the design at the end of the FEED phase, tlsesig¢latively complicated NGL extraction
system on the FPSO-1. The system utilises bothrgpahd pressure reduction to knock out
the hydrocarbons which are not wanted in the endymt. The reason for the complicated
NGL extraction system is the need for reachingstiecification of a heating value of less
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than 1070 Btu/scf, and that a generic feed gas ositipn has been used. The feed gas
composition is generic because the FPSO-1 doegehbive a client which would have
contributed to the design process with a real gagposition.

The generic feed gas composition has an ethanerdoosftabout 6 mol-%, propane counts for
ca. 5 mol-%, and hydrocarbons from butane to nrectapunt together for ca. 4 mol-%. The
generic feed gas composition was chosen with thesrints of hydrocarbons (plus
impurities such as CO2) to ensure that the dedigimeoprocesses on the FPSO-1 could
handle a wide range of feed gas compositions.

As a result of the ability to handle the relativeBavy feed gas, the systems prior to the
liquefaction process need to be quite robust, amrdtd the content of heavy hydrocarbons
(butane etc.) in the generic feed gas it is decidade both cooling and pressure reduction to
remove enough of the heavy hydrocarbons to satisffyeating value specification. If the

feed gas was lighter, a simpler cooling systemabalve been sufficient.

Apart from leading to a larger equipment count,Nli&l_ extraction system as it is designed
today leads to a reduction in pressure before tbgspre is raised again prior to liquefaction.
The pressure is raised prior to liquefaction asdfgction at higher pressures requires less
work. Since the energy consumption of compressoby ifar the largest contributor to the
total energy consumption on the FPSO-1, any unsacggressure reductions which need to
be followed by a pressure increase should be asgtoitias is further discussed in Section 4
“Hoegh LNG FPSO-1 Improvement potential.”

However, as the FPSO-1 project emerges into theptease, a number of potential clients
have made it clear that their gas composition neagdmsiderably lighter than the generic,
which would lead to a simplification of the NGL eattion system.

3.3.8 Generic gas composition and undetermined loca  tion

The use of a generic gas composition for the desfigine processes on the FPSO-1 may lead
to different choices for systems on the FPSO-1n ththe final gas composition was known.

The NGL extraction system is one example of a m®eéhich is relatively complicated in
design at this stage of the project. The relatividgivy feed gas composition also leads to
relatively large quantities of LPG being productbduction of LPG is a consequence from
having heavy hydrocarbons in the feed gas angtbguct also needs to be stored onboard
the FPSO-1. The storage volume for LPG is 16 000an8 could be utilised partly for LNG
storage if the production of LPG was less.

As the FPSO-1 project team not yet have signedtarantt with a client for the FPSO-1, the
location of the FPSO-1 is still unknown. The looatbdf the FPSO-1 is important with respect
to which environmental data the facilities is desgig for, such as ambient air temperature and
sea water temperature. These parameters havegniinpact on the performance of the
gas turbines and the cooling water system.

Although the final destination is unknown, the FRS@ill probably be located in an area
where the sea states are benign and the climatarm. The design at the end of the FEED
phase is based on air temperatures during opeiatitie range of 0 to 35°C, and sea water
temperatures between 4 and 30°C. These temperai@sgt as minimum and maximum
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criteria for the design of the FPSO-1. The actuabi@nt temperatures will most probably
vary over a part of the max.-min. temperature spad,a detailed study should be performed
to evaluate the performance of the FPSO-1 und&ardiit ambient temperatures. A cooling
water temperature sensibility test is performed @disdussed in Section 4 “FPSO-1
Improvement potential.”

3.4 Key figures — end of FEED design

Table 3.8 show some key figure for the FPSO-1 wighdesign at the end of the FEED phase.
It is assumed an availability of 87.7% and a timeiritial start up of the topside process of

24 hours. It is further assumed that restarts aftat-down of the topside process can be done
without flaring.

End of FEED design

Availability of FPSO-1 87.7 [%]
Total FPSO-1 Power
Fower consumption 1571 [MW]
Topside process Power
Power consumption 137.8 [MW]
Liguefaction process power
Power consumption 99 4 [MW]
Spec. energy cons. 21.01 [kWiton_LNG/day]
Spec. energy cons. 0.50 [KWhikg LNG]
Emissions from flaring init.
Start-up
co2 20582 [ton]
NOx 0.17 [ton]
cO 127.00 [ton]
Emissions normal op.
coz2 830 663 [tonfyear]
NOx 116.99 [tonfyear]
Emissions from flaring
normal operation
coz2 0* [tonfyear]
NOx 0* [tonfyear]
CO 0~ [tonfyear]
8.6 USD/mmbtu  13.8 USD/mmbtu
‘alue of produced LNG 561.10 900.38 [mill. USDiyear]

Table 3.8 End of FEED design, Key figures

The table summarises the findings related to p@easumption and emissions to air from the
design of the FPSO-1 at the end of the FEED phase.

The figures of zero (0*) emissions under the hegfiEmissions from flaring normal
operation” in Table 3.8 relates to the somewhagalistic scenario that no flaring is allowed

Stud.techn Lars Petter Revheim 33



during operation of the FPSO-1, and that the tepprdcess is shut down when any
equipment units which handle streams of hydroceslfaih As explained in Section 3.2.1,
shut down of the topside process may lead to lagerunts of gas to be flared than if some
flaring is allowed when selected equipment uniiis it the amounts of gas to be flared after
a shut down of the topside process and the nunflyerstart procedures necessary over one
year are difficult to determine. Based on possitiierences in time for repair of the
equipment with failure, the number of restarts 8ssaey may vary from one, in the case that
the time for repair matches the down-time of thecpss over a year (12.3% of the time), or it
may be necessary to perform more restart procedutestime for repair of the failed
equipment is less. The different repair times &lefd equipment have not been determined.

The availability of the FPSO-1 used in this seci®87.7%, which is the availability of the
FPSO-1 when no flaring is allowed. It is howevet liteely that the project will proceed with
this availability figure as the official figure, i& more likely that the project will use the bette
availability of 91.9% when some flaring is allowasl the official availability of the FPSO-1.

The specific energy consumption of the FPSO-1vergin kW/ton_LNG/day, which is
common in the industry, and in kWh/kg_LNG whichatteks to Sl units.

The value of the produced LNG is presented forligk and one low oil price scenario, and
they are both relative to the availability of 87.7%

A similar table summarises the same parametelseatrd of the section describing the
improvement potential.
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4 Hoegh LNG FPSO-1 improvement potential

In this section, some areas of possible improvesi@entesign of the topside process are
looked into. Improvement in this context means odidn in energy consumption of the
process and thereby reduction of the impact ortivieconment. Comments are made on the
effect these changes have on the economy of thegbieind availability of the process.

The areas where improvements are identified are:

» Change in cooling water temperature (location, lept
» Change in the NGL extraction process

* Change in flaring philosophy

» Change in operation/design philosophy

4.1 Cooling water temperature change

Since the final location of the FPSO-1 still is nolwn, certain changes in the environmental
conditions may occur, relative to the design coadg. The temperature of the sea water is
one of the variables which may change with thetlooaof the FPSO-1, and this temperature
may impact the total energy consumption of the FRSThe sea water temperature may
change with the location of the FPSO-1, but wiloathange with the depth of sea water
suction.

Generally, the sea water temperature drops witthdepd a configuration with riser systems
providing the sea water to the open cooling wagetecfrom a greater depth, may be used if
the savings when using a cold cooling water tentpegaare significant. In this section the
impacts on energy consumption of the FPSO-1 witblder sea water temperature than what
is designed for at the end of the FEED phase, iapeisked.

A cold cooling water temperature will provide soméra cooling for the liquefaction trains,
which otherwise would have to be supplied by thHageration circuits in the liquefaction
system. The FPSO-1 has a cooling water system vaoichists of two separate cycles. One
cycle is closed, uses oxygen free fresh water akeistup heat from the refrigeration circuits
in the liquefaction process. The heat which is tale by the closed cycle is rejected to the
open cycle sea water system. Two main choices &xisenefiting from the additional
cooling of a cold sea water temperature.

A cold sea water temperature would lead directlg tmlder temperature in the closed fresh
water cooling cycle. When the original design @& tooling water system is designed for a
higher temperature than the actual cooling wateptrature, one can easily see that the
dimensions of the cooling water system can be redluas the cold cooling water
temperature leads to an additional cooling duthesystem, the diameter or the flow rate of
the piping in the cooling water system could beupsdl, with a following reduction in
necessary installed cooling water pump capacitis Would be beneficial for the power
consumption of the FPSO-1.

Another choice is utilising the cold cooling watemperature in the liquefaction process,

with the result of reduced compression duty inrgfageration cycles. The compression duty
is linked to the cooling water temperature in thiéofving way:
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The compressors raise the pressure and the tempeeddtthe refrigerant to given values
before the refrigerant enters the LNG heat exchaigtween the refrigerant compressors
and the LNG heat exchanger there are installecbngpwater heat exchangers, which take
the temperature of the refrigerant down to theiogolvater temperature. The refrigerant then
passes through a part of the LNG heat exchangeréehtering the expander which provides
most of the cooling duty. When the cooling watenperature upstream the LNG heat
exchanger drops, so does the temperature of thgeeint through the heat exchanger and
upstream the expander. When the temperature bieexpander drops so does the
temperature after, and an additional cooling datthe refrigeration cycle is achieved.
Actually, all the temperatures in the refrigerataycle from after the sea water cooler to
immediately upstream the refrigeration compressop thecause of the colder cooling water
temperature.

The described temperature drops in the refrigeratyele is the first reason for the reduced
refrigeration compression duty, as compressioniregjless work if the fluid to be
compressed is colder, given that the suction aschdrge pressures are the same. Another
reason for reduced refrigeration compression dasydiso to do with the reduced
temperatures in the refrigeration cycle. As mergthefore, the temperature of the
refrigerant drops after the expander. When thipbap, the LNG exiting from the heat
exchanger also has its temperature reduced. Thietred of the LNG temperature is not
necessary, and represents a potential for furéngengs on the compression duty.

Instead of letting the additional cooling duty ashgd by the cold cooling water temperature
lower the temperature of the LNG, one can take aidge of the additional cooling duty
while keeping the LNG-temperature constant. By ddfs, a reduction of the mass flow in
the refrigeration cycle can be achieved, and thefefther reduction of the refrigeration
compression duty can be achieved as well.

Figure 4.1 shows a principal set-up of a simple Li@efaction process, with one expander,
one compressor and one cooling water heat exchahigeldiquefaction of natural gas is here
thought to take place in two heat exchangers. Tasspre-rise and -drop over the compressor
end expander respectively, are constant. A draoating water temperature would lead to
reduced temperature of the refrigerant in the galnt2, 3 and 4. Consequently, the LNG in
point b would also be colder. If the LNG temperatim point b is to be kept constant, the
mass flow of nitrogen can be reduced.
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Figure 4.1 Schematic set up of a simple LNG ligoeden process

A cooling water temperature sensitivity study wagi@rmed for the liquefaction process on
the FPSO-1. This was done in HYSYS, using a malii¢ SYS file originally made by
SINTEF for Héegh LNG as a verification of the ofmliy of the NicheLNG process used on
the FPSO-1.

The HYSYS simulation file is a part of the work feemed by the Héegh LNG FPSO-1
project team and is considered as confidential naht& herefore, a simplified flow sheet of
the liquefaction process is shown in Figure 4.2.

Figure 4.2 Simplified flow sheet of the liquefactiprocess on HLNG FPSO-1

The red streams represent the natural gas, whimboled and liquefied through the process.
The main LNG heat exchanger is shown as four separx@hangers. A part of the natural gas
flow is tapped from the stream which is liquefiadd used as refrigerant in the first part of
the liquefaction process. The black streams reptele nitrogen refrigerant, and the blue
streams represent boil off gas from the LNG caagix$ which is being re-liquefied.

The compressors and expanders in the figure arecharith number and a letter indicating if

the unit is a compressor or an expander. Correspgmidimbers indicate that the compressor
and the expander are coupled on the same shaft.
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In the liquefaction process on the FPSO-1, thezdiae cooling water heat exchangers, of
which four are shown in Figure 4.2. The fifth isiater stage cooler in the compressor “3c”.
All five coolers are affected when the sea wated, thereby the cooling water temperature
changes. A drop in cooling water temperature vediult in a larger cooling duty in all coolers.

4.1.1 CW temperature change — results

The HYSYS model of the liquefaction process wagiuseobtain results for power
consumption of one liquefaction train when the oupivater temperature drops from 38°C
(design case) to 24°C. A cooling water temperabfizd°C corresponds to a sea water
temperature of 20°C, as a temperature differendeuwfdegrees C is designed for in the
cooling water/sea water heat exchangers [34].

The drop in cooling water temperature was simulétedsing the Case Study tool in HYSYS.
This tool allows an input variable to be independesile a number of other variables are
dependent on the change in the independent varifbéeindependent variable is the cooling
water temperature and the dependent variablehangotwer consumption of all the
compressors in the liquefaction train.

Figure 4.3 shows the total power consumption asation of the cooling water temperature.
The temperature of the LNG exiting the main LNGtheahanger is also shown.

(Total power cons.) & (Temperature of LNG outof HX ) vs. (CW temp.)
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Figure 4.3 Total power and temperature of LNG duhe main LNG heat exchanger vs. cooling water
temperature

The figure shows a reduction of total power constimmgfor one liquefaction train of 1769
kW when the cooling water temperature drops froma334°C.

Along with the reduction in power consumption thisra reduction of the temperature of the
LNG exiting the Main LNG heat exchanger, of 8.67@e reduction of temperature after the
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heat exchanger is not desired, but happens assaqoence of the extra cooling duty which
the colder cooling water temperature represents.

Instead of having a reduction of the temperaturin@fLNG after the main LNG heat
exchanger, one could reduce the flow of the refages, which would save compression
power, and keep the temperature of the LNG afeentain LNG heat exchanger constant. A
reduction of the flow rates of the refrigerantslwibke up for the extra cooling duty
represented by the cold cooling water temperature.

Another case study is performed in HYSYS to sinautais change of refrigerant flow rate,
while keeping the cooling water temperature at 241 HYSYS model is set up in a way
which makes change of the methane refrigerant fee difficult. The reason for this is that
the methane refrigerant is tapped from the mainsgaam, ref. Figure 4.2. A change in the
methane refrigerant flow rate would lead to a cleainghe LNG production rate, and this is
not beneficial when comparing different processbglwuse one particular LNG production
rate as one of the constant inputs. Thereforegtihage in refrigerant flow rate is simulated
by changing the nitrogen refrigerant flow rate only

Figure 4.4 shows the total power consumption ardeémperature of the LNG exiting the
main LNG heat exchanger as functions of nitrogémngerant flow rate.

(Total Power cons.) & (Temp of LNG out of HX) vs. (N2 refr flow rate)

KN
(2]
N

49000

47 945
18000 ”-\-\-\‘\-\-\-\ |
47000 -

-158,1

i
34
&

[uN
al
»

KN
[42]
[e¢]

46000 +

N
D
o

45000 + 1-
44000 - -
M 43 943
43000 -
-166,4
42000 + 1-

41000

[uN
[}
N

AN
=3
IS

Total Power cons. [kW]
Temp og LNG out of HX
[degree_C]

N
D
(o2}

KN
[e)]
[e¢]

NI A I A I I I S I A I I T A I S I S I S I I B I A I S I S IS TP TS TP IR IS IS PR TP TR BN RN
LRSS S S E LS SO ST DS

QS"QQQ ca“”%“ca"*o?@é’%“é‘/Q«%«“’«V«”«Qé’@@“é"@&é"@v)o) O

™" 50 50 7 9y Lo O ) DY Y Y A O 07 7 Y 0 00 650 07 07 00 0y ’5’5”)

2 refr flow rate [kg/h]

‘+Tota| power —e— Temp of LNG out of HX‘

Figure 4.4 Total power consumption and temperatfiteNG out of main LNG heat exchanger vs. nitrogen
refrigerant flow rate

As the flow rate of the nitrogen refrigerant isuedd the total power consumption is also
reduced. The temperature of the LNG out of the LiNGt exchanger rises, and reaches its
original value (-158°C) at a nitrogen flow rate3df2 ton/h. At this value for nitrogen flow
rate, the total power consumption of the liquefactirain is 43 943 kW. This power
consumption is 5 771 kW less than the original ®aluhen the cooling water temperature
and the flow rate of the nitrogen refrigerant hatles which corresponded to the design at
the end of the FEED phase.
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Table 4.1 summarises the results for change icdbéng water temperature. In this table,
results are displayed for the entire liquefactioocpss, e.g. two identical liquefaction trains.

CW temp. = 38T

CW temp. = 24

Total Power Consumption [MW] 99,44 87,89
Specific Power Cons. [kW-day/ton] 21,01 18,50
Specific Power Cons. [kWh/kg_LNG] 0,50 0,44

Table 4.1 Power consumption for high and low caplivater temperature

In the figures for total power consumption in Tabl&, two effects leading to the reduced
power consumption when having a colder cooling wmaeperature are implemented. These
are explained above (ref Figure 4.1) and are:

* Reduced compression need due to colder refrigenmatite liquefaction process
* Reduced compression need due to less refrigeamtrilte

It is important to note that the pressure leveltherefrigerant cycles are unchanged
compared to the original setup, in the cooling weeperature change procedure.

Underlying the figure for total power consumptisraiso the distribution of power
consumption between the methane and nitrogen casgm® This distribution is shown in
Table 4.2 for the two cooling water temperatureesas

CW temp. = 38T

CW temp. = 24C

Total Power Consumption [MW]

99.44

87.89

Power Methane and BOG compressors [MW],[%]

48.30 , (48.6 %)

46.60 , (53.0 %)

Power N2 compressors [MW],[%]

51.12, (52.4 %)

413, (47.0 %)

Table 4.2 Power distribution between refrigeramhpeessors for high and low cooling water tempegatur

Table 4.2 shows how the distribution of power cangtion shifts from being slightly larger
for the nitrogen compressors in the original céséeing slightly larger for the methane and
boil off gas compressors in the case with reducsdirng water temperature and nitrogen
refrigerant flow rate. The reason for this shifbheturally, the reduction in the flow rate of the
nitrogen refrigerant.

Due to the set-up of the HYSYS simulation file whitoes not allow a change in the methane
refrigerant flow rate without impacts on the LNG@uction rate it is not simulated if a
change in the methane refrigerant flow rate woeédllto an even more energy efficient
process.

It is clear that a reduction in the cooling watamperature reduces the total power

consumption of the FPSO-1, and the key figuresHer-PSO-1 with the cold cooling water
temperature are presented in the Section 4.5 “Kgyrés — improvement potential”.
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4.2 NGL extraction process change

Leading to a possible improvement of power consiwnpand as a mean of simplification of
the topside processes on the FPSO-1, the NGL éxingurocess is removed. This might
seam like an unlikely change, but given that tleslfgas to the FPSO-1 is much lighter than
what is designed for today, the NGL extraction pggcmay be removed entirely or replaced
by a simple cooling cycle.

Removing the NGL extraction process entirely org@ifying the process has one goal with
respect to energy efficiency of the FPSO-1; to @tbe reduction in pressure after the turbo-
expander NGL extraction process which is desigonddy. Figure 4.5 shows the pressure
profile for the natural gas passing through allcesses on the topside of the FPSO-1 with the
standard design, and with two design cases wherBI@L extraction unit is removed. The
standard design is the design at the end of theDRitase.

‘—Q—Standard —— Casel Case2 ‘
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Figure 4.5 Pressure profile for the natural gasugh the topside processes on the FPSO-1

The cases 1 and 2 are not referring to two diffielNgBL extraction processes; they refer to
two possible changes in design of the liquefagtimtess when the NGL extraction process
is removed. The current design at the end of thHe-ghase results in a pressure profile for
the natural gas through the processes on the FP&3sHiown in the dark blue line in Figure
4.5. It is worth noting that the highest presssriound in the NGL extraction process
upstream the expander which provides most of tieéirgpof the main gas stream in this
process. At this point the main gas stream has bespressed from 66 to 78 bar in a
compressor at the inlet of the NGL extraction psscé his compressor will be removed, and
the total energy consumption of the FPSO-1 willddgrirom this, if the NGL extraction
process is removed.

The NGL extraction process is the only reasonHerraise and fall in the pressure profile in
the current design.
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421 Casel

Case 1 describes a situation where The NGL extractnit is removed and the liquefaction
takes place at 74 bar, similar to today’s confiora The gas enters the liquefaction process
at 66 bar as opposed to 30 bar in the current des$iys reduces the necessary compression
of the inlet gas from 44 bar (raise from 30 bar@ oar (raise from 66 bar), in order to reach
the liquefaction pressure of 74 bar. A flow shddhe liquefaction process which
corresponds to the Casel is shown in Figure 4.6.

& L -

S Le e

Figure 4.6 Simplified flow sheet of the FPSO-1 &dfaction process, implemented design change Case 1

As indicated in the figure, an extra inlet compoeg4d.c_b) is necessary in this configuration,

to raise the pressure of the main gas stream f®io 84 bar. This compressor is necessary as
the main gas stream has a pressure of 66 bar andtdae fed directly to any of the streams
entering or exiting the compressor “1c”, as theéssams have different pressures. The stream
entering the compressor “1¢” has a pressure ofaB0Tihis pressure level is the same as for
the stream exiting the expander “2e” and is coladoby the necessary cooling duty, which
depends on the pressure drop over the expandéraride'de”. The boil off gas compressor

5c is identical as in the original design.

When changing a simulation file, like the HYSY Qfftom the HLNG FPSO-1 project team

in this case, it is important to ensure that tiseits from the changed file are comparable to
the original results. To ensure that this is theeda the master thesis, a selection of variables
were selected as variables which should vary thes #is possible from case to case. These
variables are:

* Production rate of LNG

* Temperature of LNG out of the LNG heat exchanger

« Vapour fraction of the main gas stream after tlesgure relief (Joule-Thompson)
valve

* Lower Heating value of LNG

The variables listed above together ensure thaddhee product is produced after the
liquefaction process for both suggested designgdmas for the original liquefaction process
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design. These variables are presented along wathegults for power consumption for each
case.

Table 4.3 show the power consumption of the congarssn Case 1, the power consumption
in the original case, and the listed variabledhendriginal case and Case 1 for one
liquefaction train. The total power consumption liquefaction is presented for one train and
for two trains.

Case 1 End of FEED design

Liguefaction pressure [bar] 74 74
Cooling water temperature [C] 38 38
Production rate LNG [ton/day] 4732 4733
Temperature LNG out of HX [C] -157.7 -157.8
Vapour fraction after PRV [%0] 5.23 5.22
Heating value LNG [kJ/ka] 48860 48870
Power comp. 1c 18.38 23.57
Power comp. 1c_b 0.60 -
Power comp. 3c 25.56 25.56
Power comp. 5c 0.58 0.59
Total Power Consumption [MW] 45.12 49.72
Total Power Consumption 2 trains [MW] 90.24 99,44

Table 4.3 Comparison End of FEED design and Case 1

From the table, it is clear that the LNG of the saranditions is produced in the two cases.
The most interesting result of this design chasgee reduction in power consumption of
9.20 MW (99.44 — 90.24 MW), when reducing the flomcompressor 1¢ and adding
compressor 1c_b.

The reason for this reduction in power consumpisathat the compressor 1¢ compresses the
total flow of the methane refrigerant and the gelsd liquefied from 30 to 74 bar. After the
design change the compressor 1c only compressesdtimane refrigerant from 30 to 74 bar,
whereas the compressor 1¢c_b compresses the feéa thasliquefaction process from 66 to
74 bar. The savings in compressor work occur asaltrof the reduction of flow rate through
the compressor 1c, simultaneously with the highlet pressure of the feed gas to the
liquefaction process.

Installation of the extra compressor 1c_b represantextra investment cost, as well as an
additional risk of failure as this unit is one bétunit types identified as largest contributors to
failures from the RAM study performed by DNV.

A study of costs related to installation of comgm@slc_b versus savings in energy costs
should be performed if the Case 1 design changgestign is further investigated.
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It is worth noting that the reduction of 9.2 MW gmklates to the change in the liquefaction
process, given a removal of the inlet compresstimerNGL extraction process a reduction of
2.05 MW will also occur [22]. If the NGL extractigirocess is removed entirely, more
equipment units than the inlet compressor willémoved, lowering the total power
consumption further. These equipment units are keweot shown in the Electric Load
Breakdown [22], and are therefore not includechim¢alculations. The total savings in power
consumption from this case is therefore 11.25 MW.

4.2.2 Case 2

Case 2 describes a situation where the NGL extractnit is removed and the liquefaction
takes place at 66 bar. This case differs from tigéral and Case 1 in two ways; the
liquefaction takes place at a lower pressure arldssed methane refrigeration loop is used
instead of the refrigeration loop which takes @sling media from the main gas stream. This
configuration is shown in Figure 4.7.
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Figure 4.7 Simplified flow sheet of the FPSO-1 &faction process, implemented design change Case2

o

This configuration of the liquefaction process efiates the need for the extra inlet
compressor (1c_b) from Case 1. With respect toggnewnsumption and investment costs,
this may look as an obvious choice for liquefactioacess, but the downside of this
configuration is the lower liquefaction pressureeThecessary work put into the liquefaction
system is among other variables, a function optiessure on the natural gas side of the LNG
heat exchanger, and a lower natural gas pressaae te larger energy consumption.

If the pressure of a fluid which is to be liquefisdow, the fluid has a larger internal energy
than it has at a higher pressure. It is here assuha the fluid has the same temperature for
the high and the low pressure, referring to caaedlcase 2 (which is the case in the
simulations, where the fluid is cooled by coolingter upstream the LNG heat exchanger).
Liguefaction of any gaseous fluid happens when ghdweat is removed for the fluid to
change phase from gaseous to liquid phase. Whenshegnoved from the fluid the internal
energy is reduced, hence liquefaction requires raneggy to be removed from the fluid
when the internal energy is large (low pressurah tivhen the internal energy is low (high
pressure).
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The lower liquefaction pressure leads to the rekbalt the refrigeration cycles can not remove
the same amount of heat from the natural gas, wieerefrigeration cycles are unchanged
from the original case. Because of this result, LO§@ higher temperature is produced. To be
able to compare the two cases of liquefaction m®changes, a requirement is that the
product has the same conditions with respect t@éeature, pressure and heating value.

A way of ensuring that LNG is produced with theregponding conditions to Case 1 and to
the original case is to gradually reduce the presaftier the expanders (which will increase

the cooling duty) until LNG of the right temperaguand heating value is produced. This
reduction in pressure after the expanders can lie\sed by changing the pressure drop over
the expander “4e”, over the expander “2e” or ow@hlexpanders in combination. An

important limitation to implement is that the lidaetion process shall operate with gaseous
refrigerants, which means that single phase carditafter the compressors must be achieved.

It is found through different simulation approacihesiYSYS that a pressure reduction of
approximately one bar is necessary in either orteeomethane or nitrogen refrigeration
cycles to reach the desired conditions of LNG atehit of the LNG heat exchanger. It is also
found that a reduction of pressure after the metlepander (2e) leads to a more energy
efficient process than if the necessary extra ogaliuty was achieved by reducing the
pressure after the nitrogen expander (4e) or ovtr tompressors in combination. One
reason for this result is the different pressuvelein the methane and nitrogen refrigeration
cycles.

The nitrogen refrigeration cycle in the originakag operates between 10.30 and 83.08 bar;
a pressure difference of 72.78 bar. The methamigeedtion cycle operates between 19.51
and 74.76 bar; a pressure difference of 55.25Te.compressor efficiency is a function of
the pressure ratio and typically decreases wheprdssure difference increases (after having
reached a certain optimal operating point defing@ressure ratio and flow rate); therefore an
increase of pressure difference influences the cessppon power to a larger extent at high
pressure ratios than at low pressure ratios.

The vapour fraction of methane after the expandas 2educed from 99.38 % to 99.08% by
the pressure reduction after expander 2e, butdahew fraction is still considered high
enough to avoid potential problems which could oeduen liquid is formed at the exit of the
expander.

Table 4.4 shows characteristics of the originalgiteand the design of Case 2.
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Case 2 End of FEED design

Liguefaction pressure [bar] 66 74
Cooling water temperature [C] 38 38
Production rate LNG [ton/day] 4740 4733
Temperature LNG out of HX [C] -157.8 -157.8
Vapour fraction after PRV [%] 5.00 5.22
Heating value LNG [kJ/kg] 48840 48870
Power comp. 1c 19.48 23.57
Power comp. 3c 25.58 25.56
Power comp. 5¢ 0.58 0.59
Total Power Consumption [MW] 45.64 49.72
Total Power Consumption 2 trains [MW] 91.28 99.44

Table 4.4 Comparison End of FEED design and Case2

Again, the most interesting result is the decréag®wer consumption in compressor 1c. The
power consumption of this compressor is 8.16 MWdpthan for the original case (two
trains), which is a result of the less flow rateotigh the compressor. Since the flow rates
through compressor 1c are the same for Case 1 asel Z; the power consumption for
compressor 1c between these cases can be direntlyaced.

It is important to notice in the discussions of gowonsumption of compressors that only
compressors driven electrically have been focusesbdar, since these compressors directly
influence the total power consumption of the FPS@ke compressors which are coupled to
expanders and driven mechanically do not take pdwar the electrical distribution grid,
their work is provided by the expanders on the salnadt.

The theory behind liquefaction of LNG says thatplo&er consumption of the process shall
increase when the liquefaction pressure is redungdhis does not seem to be the case in
these simulations when looking only at the eleatlycdriven compressors. When looking at
all the compressors separately however, resulty shat the energy consumption of some of
the compressors increase. This increase is smadllisehidden in the decrease in necessary
work for compressor 1c, as the stream entering cesspr 1c has a smaller flow rate than in
the original design.

It is therefore interesting to see how the lowgudifaction pressure (on the natural gas side of
the heat exchanger) influences each compressbeilquefaction process. This is shown in
Table 4.5 where each compressor is listed in tlggnad case and in Case2 and the
differences in necessary work for each compressgiven as figure and percent relative to
the original design.

Stud.techn Lars Petter Revheim 46



Compressol Work Original Casg Work Case 2 | AW (MW) | Specific Work (%)
1c 23.57 MW | 19.48 MW  -4.09MW | 82.6 %
2cC 10.72 MW | 10.94 MW 0.22VW | 102.1 %
3c 25.56 MW | 25.58 MW 0.02vwW | 100.1 %
4c 6.76 MW | 6.75 MW  -0.01MW | 99.9 %
5¢c 0.59 MW | 0.58 MW  -0.01MW | 98.3 %

Table 4.5 Power for each compressor End of FEEydesd Case 2

Table 4.5 shows that there is a small increasleamiork consumed by compressor 2c¢, which
is a result of the reduction in pressure in thelraeé refrigeration cycle, which again is a
result of the lower liquefaction pressure of theura gas. The other compressors have very
small deviations in work. The largest deviatiomasvever for compressor 1c, which is
explained before. Since the pressure reductioadquiring the extra needed cooling duty is
done in the methane refrigeration cycle, only caspors 1c and 2c experience this change in
pressure levels, and hence only these compredsautisexperience any noticeable change in
work.

The extra work of compressor 2¢c seems small, RUHMSYS simulation file does however
solve the simulations, and LNG of correspondingdiu#o the original design is produced.

Case 2 may turn out to be a good alternative totiggnal design of the liquefaction process,
at least with respect to energy consumption, gthhanhthe NGL extraction process is removed
or simplified to such an extent that the main gesasn enters the liquefaction process at 66
bar. In this case the extra compressor 1c_b froee@ds not necessary.

4.3.3 Case selection

When looking at the two possibilities of changihg tiquefaction process design after the
NGL extraction process has been removed, the fifgurenergy consumption dictates which
case to proceed with in this thesis. The energgwmption is less for Case 1, and hence this
case is presented at the end of the thesis indBetth “Key Figures - improvement potential”.
Case 1 does however require installation of areecampressor, which will lead to a higher
investment cost and probably also to a small rediiech availability of the topside process,
since the compressors are the equipment units vaeight for the most of the failures on the
FPSO-1.

The impact of the increase in investment cost addction of availability should be
evaluated if Case 1 is further considered as anraltive liquefaction process design. Similar
if Case 2 is considered, a more detailed studii@irmpacts of reduction of liquefaction
pressure should be performed, as well as an ogtraiz of pressure levels in the refrigeration
cycles. In the thesis it has been determined thplementation of the two design changes
(Case 1 and Case 2) is feasible, but further ssutked to be performed to further evaluate
the two cases.

4.3 Availability — flaring and cost reduction

The FPSO-1 has an installed LNG production capatiy6 MMTPA. However, the
equipment on the FPSO-1 is subject to failuresnduproduction. Different units have
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different failure frequencies, and these are trestfar calculating the overall down-time of
the FPSO-1.

When calculating the overall down-time of the FPE@lifferent operation scenarios also
influence the down-time, such as flaring. Flaringidg the initial start-up is discussed in
Section 3.3.4, and this section discusses flarurgnd production from the FPSO-1. The
RAM study performed by DNV gives two different alailities of the FPSO-1, 87.7 %
availability if no flaring is allowed and 91.9 %flaring is allowed when selected units in
processes fail.

4.3.1 Additional emissions during normal production

As a result of the better availability, the gadines operate with a higher load a larger part of
the year, and this impacts the CO2 emissions. Tablshow the CO2 emissions for
availability of 91.9% of the FPSO-1. Details of tadculations are given in Appendix A.

CO2 emissions from HLNG FPSO-1 (91.9% availability) [ton_CO2/year]
Flow rate CO2 (GTs at total power = 157.1 MW, 91 .@Rthe time) 732 881
Flow rate CO2 (GTs at hull power = 19.3 MW, 8.1%ltd time) 7941
Flow rate CO2 (gas cleaning, 91.9 % of the time) 124 927
Total annual CO2 865 749
Total annual CO2 (100 % availabilit 933 414

Table 4.6 CO2 emissions from HLNG FPSO-1, availgh81.9%

The Table shows the emissions resulting from operatf the entire FPSO-1, the emissions
resulting from only the topside processe848 779 ton/year

4.3.2 Flaring during production — enhanced LNG prod  uction

Given that flaring is allowed when selected equiptwehich is non-critical for LNG
production fails, the availability of the FPSO-Icalculated to 91.9% or approximately 335
days per year of LNG production [31].

This is an increase in availability of the LNG puation of approximately 15 days per year
from the scenario where no flaring was allowed wii availability of 87.7%. The increased
availability has a direct implication on the econoafithe project, since there is an “extra”
amount of LNG which can be sold.

Table 4.7 shows the values of the amounts of LNgslyced, for full production, for an
availability of 87.7%, for an availability of 91.9%nd the difference in LNG production for
the two availabilities.

The figures are calculated in the same way as @tic@@e3.3.6 “Availability - cost”, only
inserted the relevant production volumes.
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. Value of LNG Value of LNG
=G ProEmEon VR IR e o e m o (13.8 USD/mmbtu)
Full production 1.60 mmtpa 644.14million USD] | 1033.62  [million USD]
87.7 % availability 1.40 mmtpa 561.10 ilfiwon USD] | 900.38 [million USD]
91.9 % availability 1.47 mmtpa 589.16 ilfion USD] | 945.40 [million USD]
Delta LNG production 0.07 mmtpa 28.06 [oiliUSD] | 45.02 [million USD]

Table 4.7 Value of LNG produced, relative to auaility of the FPSO-1

Note that the figures in Table 4.7 represent aevalu_LNG, not an income from sale of LNG.
Nevertheless, it is clear that an increase in dri®y%o-points in the availability of the FPSO-1
has a significant impact on the economy of theqaiojhrough the value of the LNG which is
sold per year.

Based on two different predictions for the futuilepoice, an additional value in the range
28 — 45 million USD comes to the project if the iadality of the FPSO-1 increases from
87.7% to 91.9%.

4.3.3 Flaring during production - emissions

The RAM study defines the scenario where someniliais allowed, and lists the equipment
which is considered as non-critical for LNG prodoctand bypass-able. When knowing
which units that are bypass-able as well as tlespective total downtime per year, one can
calculate the total flow rate of flared gas ovee gear in this scenario.

The scenario where flaring is allowed, is basetheopportunity to continue LNG
production, if equipment which is non-critical ttlG production fail. The RAM study
concludes that compressors are the type of equipwianh has the highest downtime of all
equipment types, therefore flaring during LNG preithin is based on failure of these units.
CB&lI have listed the compressors which are by-gaesaith the respective flow rates, and
the listed flow rates are those which will be fthie case of failure of the adjoining unit.

EQUIPMENT ITEM h 10° Sm/d
Stabilizer OVHD Compressor (Inlet System ) 13.77 0.22
Regeneration Compressor (Dehydration) 19.39 0.54
LPG Compression 2457 0.31
End Flash Gas Compression 12.89 0.38
Fuel Gas Compression | 12.89 0.38
Amine Flash Compression . 0.17 0.00
LNG BOG Compressor (Storage System) 2.52 0.08

Table 4.8 Equipment items and their flow rate &vél

The compressors are compressors which belong toathveritical parts of the processes on
the FPSO-1, with respect to criticality of LNG pumtion. When the failure rates of these
units are known, it is possible to calculate thpemted amount of flared gas over one year.
Table 4.8 shows the failure rates per year an@mheunts of gas which are expected to be
flared over one year for the equipment listed akioveable 4.9.
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Equipment Item Downtime per year| Amount of flared gas per year
[hours] [10% Snt/year]

Stabilizer OVHD Comp. (2x 100%) 5.00 45.8

Regeneration Comp. 79.35 1785.4

LPG Comp. 79.35 1024.9

End Flash Gas Comp. 79.35 1256.4

Fuel Gas Comp. 79.35 1256.4

Amine Flash Comp. (2 x 100%) 5.00 0.96

LNG BOG Comp. 52.45 174.8

SUM 5544.7

Table 4.9 Equipment items and their downtime asdlteg flow rates to flare

The figures for annual amounts of flared gas inl@dd are based on the figures for flow
rate of the different units in Table 4.8 and thpexted downtime per year. Based on the total
amount of flared gas and the emission factors ffaivle 3.4, Section 3.3.4, the emissions
related to flaring during production are calculated

Emissions from flaring during production
CO2 [ton 2/@ear] 13473.6
N20 [ton NB@ar] 0.1
CO [tGD/year] 83.2

Table 4.10 Total amounts of emissions from flagiuging normal operation

These emission figures are only related to flaradylitional emissions from the gas turbines
ensuring power production are presented in Tafl&s8ction 3.3.4. The CO2 emissions from
flaring during production, correspond to 1.6% af thO2 emissions from the gas turbines
(865 749 ton).

4.4 Equator Principles — Best Available Technology

During the FPSO-1 project lifetime, several choicage been made with respect to type of
equipment used in the design. There are an exensimber of process units on the FPSO-1,
and for each unit a choice of which type of equiptrie use must be made.

When making these choices, the possibility of chapthe so-called Best Available
Technology exists. Best Available Technology (BAS a term describing technology which
is best with respect to pollution prevention framstallations which represent a significant
pollution potential. The European IPPC Bureau ctdl@nd exchanges information on BAT
from the member states, and composes referencengmtsl (BREFs) which in detail describe
the best available technology for different indiastsectors [36].

The use of best available technology is generalsiered to lead to a more expensive
system to be installed. This is due to the fadt B#T refers to technology which is best on
pollution prevention, and that such technologymfeads to a more complicated design of the
single process unit. The process units with addtigollution reducing systems integrated in
the design are generally more expensive than tim¢iso environmentally friendly
counterparts.
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One example of BAT is use of Dry Low Emission comstimn systems in the gas turbines on
the FPSO-1. This combustion system is describ&eetion 1.2 and reduces NOx emissions
from the gas turbines.

BAT may become a requirement for some or all preeg®n the FPSO-1 at a later stage,
through for instance, the Equator Principles. Thadtor Principles are a set of principles
decided upon and adopted by a number of finanasitutions, which impose certain
management practises on the project.

The financial institutions who have adopted thesecpples have done so to ensure that the
projects they finance are developed.ina manner that is socially responsible and reflect
sound environmental management practises [35].”

Being a capital intensive structure to build, tiS©-1 will need external financing, which
could be provided by a financial institution whisghs adopted the principles. It is worth
noting that best available technology (BAT) is adpecific requirement to be used in all
projects financed by Equator Principle Financiatibations (EPFIs), the principles are meant
to serve as a common baseline and are to be imptechby each EPFI in correlation with its
own environmental and social policies [35].

Use of BAT could become necessary to ensure tegtrthject is in compliance with the
policies from the financial institution providingdns to the project. Other necessary means
may be use of local manpower to some extent foradjpd, construction or commissioning of
the FPSO-1.

A number of the world’s largest financial institutis have adopted the Equator Principles,
including Bank of America, Citigroup, JP Morgan GaaWells Fargo and Lloyds TSB [35].

Compliance with policies that implement the Equdadnciples may become a criterion for
the financing of the FPSO-1, and it should be cdiyestudied what implications this will
have on the design of the processes and operdtitmspphies of the FPSO-1. This study
must be done in the process of selecting the fiahmstitution, since the Equator Principles
does not dictate specific criteria common for adljpcts financed by EPFIs.

4.5 Key Figures — Improvement potential design

After having identified some improvement potenti#fe key figures which correspond to the
figures in Section 3.4 “Key figures — end of FEE&sn” are presented. In this section, the

key figures are presented for the original desigih@end of the FEED phase, the end of the
FEED phase design plus 91.9% availability, the dadesign plus 91.9% availability and the

end of FEED design plus 91.9% availability plusoaltg water temperature of 24°C.

The availability of 91.9% is used in all the suggdsmprovement potential cases, since it is

likely that the operation philosophy will allow flag when selected units which are not
critical for LNG production fail, and which improsehe availability.
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End of FEED design + 91.9%
End of FEED design Availability

Availability of FRS0-1 ar T 914 [35]

Total FPS0-1 Power

Power consumption 1571 157 1 [MW]

Topside process Power

Power consumption 137.8 137.8 [MW]
Liguefaction process power

Fower consumption a5 4 95 4 [RAWY]

Spec. energy cons. 21.01 21.01 [KWiton_LMNG/day]
SPEC. energy cons. 0.50 0.50 [KWhikg_LNG]
Emissions inmit. Start-up

CcO2 20582 20 582 [ton]
INOx 017 017 [ton]

cO 127.00 127.00 [ton]
Emissions normal op.

cCO2 830 663 2865 749 [tonfyear]
IMNOx 116.99 116.99 [tonfyear]
Emissions from flaring

co2 0 134740 [tonfyear]
INOx 0 0.1 [tonfyear]

cO 0* 832 [tonfyear]

8.6 USD/mmbtu  13.8 USD/mmbtu (8.6 USD/mmbtu 13.3 USDfmmbtu
Yalue of produced LNG 561.10 a00.38 580.16 0945.40 [mill. USD/year]

Table 4.11 Key figures for end of FEED design and ef FEED design with higher availability

When looking at the differences between the eneEdED design, and the end of FEED
design with improved availability, one can see thatspecific energy consumption is the
same for both configurations, but the emissionsthacamount of produced LNG differ. The
emissions are larger with the higher availabiltiich is because the gas turbines are running
a larger part of the year with a higher load, drete is an additional emission source;
emissions from flaring during normal production.eTdmount of produced LNG is naturally

also larger.
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91.9% Availability + Case1 design End of FEED design + 91.9%
change Availability + 24 CW temp.

Availability of FPS0-1 919 1.9 [%a]
Toral FPS0-1 Power
Power consumption 1459 1456 [MWV]
Topside process Power
Power consumption 126.6 126.3 [MW]
Liguefaction process power
Power consumption 90.24 87.89 [MWVV]
Spec. energy cons. 19.07 18.50 [kWiton_LNG/day]
Spec. energy cons. 0.46 0.44 [kWhikg_LNG]
Emissions init. Start-up
cO2 20 582 20 582 [ton]
NOx 0.17 017 [ton]
CO 127.00 127.00 [ton]
Emissions normal op.
CcO2 805 265 804 052 [tondyear]
MO 116.99 116.99 [tondyear]
Emissions from flaring
cO2 13474.0 13474.0 [tondyear]
NOx 0.1 0.1 [tonfyear]
cO 832 83.2 [tondyear]

8.6 USD/mmbtu  13.8 USD/immbiu [8.6 USD/immbiu 13.8 UsDVmmbitu
Yalue of produced LNG 529,16 945 40 580.16 945 .40 [mill. USDiyear]

Table 4.12 Key figures for Case 1 design changef@ncboling water temperature change

When looking at the case 1 design change plus 9a\@#tability, one can see that the total
power consumption and the specific power consumpsidower than the end of FEED
design, the emissions from normal production ass,land the amount of produced LNG is
larger. Emissions from flaring during normal protioie are present in this case as well.

The case where the design is identical to the éREED design, but where the cooling water
temperature is 24°C also has lower total and sipgmifwer consumptions, lower emissions
from normal production and higher LNG productiowne compared to the end of FEED
design.

The LNG production volume is the same for all tases where the availability is 91.9%, and

the specific power consumption is largest for the ef FEED design, is smaller for the case
1 design, and is smallest for the end of FEED dhesiigh colder cooling water temperature.
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5 Discussion

The Hoegh LNG FPSO-1 project has now reached ttetthe Front End Engineering
Design (FEED) phase, and faces some choices vafeot to further development of the
design. This master thesis has identified someorgment potentials with respect to energy
consumption and environmental impact for the FPSO-1

The design as it is at the end of the FEED desagnseveral areas where a change may
benefit the project substantially. One rather obgiohange is the use of 91.9% availability
with some flaring allowed during normal productiostead of 87.7% with no flaring allowed
during normal production. The increased availabrépresents a larger production of LNG
which would contribute positively to the economytioé project, and the additional value of
the LNG produced with a higher availability of tRBSO-1 is related to the price of LNG,
which again is closely linked to the oil price. Hignd low oil price scenarios have been
presented for the value of LNG.

Also, the scenario where the entire topside prosesisut down each time a single process
unit which handles a stream of hydrocarbons falfom an operational point of view not
desirable. As described in Section 3.2.1, a stetlaring philosophy which will lead to more
shut downs of the topside process may actually teadore emissions to air due to more re-
start procedures of the topside processes beirggsawy in such a scenario. When the
availability of the FPSO-1 is 91.9%, shut downlod topside processes will only occur when
equipment units which are critical for LNG productifails.

Further, if the feed gas to the FPSO-1 is muchdigthan what is designed for today, the
NGL extraction process may be removed or simplifeeduch an extent that the reduction and
raise in pressure of the main gas stream in the Bi®laction process can be avoided. In such
a case, the FPSO-1 can benefit from this by chgritj@ LNG liquefaction process, for
example to designs corresponding to Case 1 or Zasthis thesis.

Case 1 describes an LNG liquefaction process winashorextra compressor installed
compared to the current design, and has a powasuogpiion which is 11.25 MWéss than

the end of FEED design, where 9.2 MW results frbenghange in the liquefaction process,
and 2.05 MW results from the removal of the inl@tnpressor in the NGL extraction system.
It is worth noting that the total power consumptadrthe FPSO-1 is reduced even though an
extra compressor is installed. An evaluation oestment cost for the extra compressor
versus savings in operational costs because attheced total power consumption must of
course be performed if this case is further ingaeséd.

Case 2 describes an LNG liquefaction process dpgrat 66 bar, as opposed to 74 bar in the
FEED design. This configuration has a power congianpvhich is 10.21 MW less than the
FEED design, where 8.16 MW results from the chandbke liquefaction process and 2.05
MW results from the removal of the inlet compressahe NGL extraction system.

Another area for improvement with respect energyamption is change in the cooling
water temperature. It is established through sitraria that a cooling water temperature of
24°C instead of 38°C would be able to save 11.5 tbvipared to the FEED design. This
results from a lower flow rate in the nitrogen igérant cycle as well as the reduced work
necessary for compressing a colder fluid when thehdrge state (temperature and pressure)
after the compressor is unchanged (as explainsédtion 4.1).
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The presented key figures in tables 4.11 and 44 2alid for the simulations and

calculations performed in this thesis, and shoeldrbated as separate case studies. It is for
example likely that a reduction in the cooling waemperature for the design change Case 1,
would lead to additional savings in energy consuompthowever the saved amount of energy
may vary from the figures presented for reductiototal energy consumption corresponding
to the change in cooling water temperature in $actil.1.

The CO2 emissions from the FPSO-1 are relatedetatount of fuel consumed in the gas
turbines, whereas the NOx emissions are only dtrekteactions between species present in
air, and are therefore only relative to the exhgastvolumetric flow rate and the combustion
system used in the gas turbines, given that theugbmes are operated with sufficient excess
air according to the design of combustion systems.

The amount of emissions released to air is alsdaelto the availability of the FPSO-1,
higher availability would naturally lead to more €@eleased to the atmosphere during
normal production, and some additional emissiolaed to flaring during normal production,
which have to be accounted for when determiningdted environmental impact from the
FPSO-1. It is however not necessarily so that atavailability would lead to lower
emissions in total, as a low availability most pably will lead to a larger number of restarts
of the topside processes, which requires exterisitiag. The specific CO2 emissions
relative to produced amount of LNG are equal betwbe two availabilities of the FPSO-1
when looking only at CO2 emissions from the gabihas, but when including emissions
from flaring, the specific CO2 emissions may vesiibe higher for the low availability of
the FPSO-1.

The project will most probably be subject to tazatof NOx emissions and possibly also
CO2 emissions, it is however not easy to deterrtinecost of environmental fees exactly
until the final location of the FPSO-1 is knowngdahereby the legislation of the relevant
shelf state. Examples of costs related to emissmag are given in Section 3.3.5 “Emissions
- costs”.

The project may also find that the financial ingiins funding parts of the project want the
Equator Principles or other types of guidelinesardmg project execution to be followed. In
such a case, the project needs to carry out thegbrexecution and possibly implement
certain design changes to comply with the relefiaancial institution’s policies, for instance
through use of local manpower during constructamrthrough use of Best Available
Technology in some or all systems of the FPSO-1.

There are uncertainties related to the figuregfissions, energy consumption and values of
produced LNG. These uncertainties relate mostfyraéatical issues, such as the actual time
over the year with full LNG production. Also theefuigas composition influences the amounts
of CO2 emissions to the atmosphere, through itetdweating value and carbon content. The
HYSYS simulation files does also represent unceties (in that the calculations are not
analytically solved), however the simulations hpeeformed as expected, and once the files
were set up correctly, convergence have been aathilew every iteration of the simulations.
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6 Conclusions and suggestions for further work

The Hoegh LNG FPSO-1 design as well as the govegqmaticies regarding design and
operation have been described and evaluated vdfgiece to energy consumption and
emissions to air. Suggestions for improvements t&es described and discussed.

The design at the end of the FEED phase leadsatalgpower consumption of 157.1 MW for
the FPSO-1. The liquefaction process has a poweuoption of 99.4 MW, and a specific
power consumption of 21.01 kW/ton_LNG/day. The Gf#ssions during normal

production are calculated to 830 663 ton/year,tardNOx emissions are calculated to 116.99
ton/year given an availability of 87.7% of the FR$@nd Dry Low Emission combustion
systems used in the gas turbines. Cleaning ofthaust gas from the gas turbines is not
included in any of the designs presented in thesith

Two main sources for savings in energy have beemtiiied; drop in cooling water
temperature and removal of the NGL extraction pseaeith two following alternative
designs of the liquefaction process. In additibe,ihcreased availability of 91.9% is used in
all the scenarios for improvement potential, resgltn a larger volume of LNG being
produced. This implies that some flaring will tgdace during normal production.

The resulting CO2 emissions when implementing igadr availability are 865 749 ton/year
during normal production, and 13 474 ton/year fiftaring. The increased availability
represents an additional value of LNG in the raoig28 to 45 million USD, relative to prices
of LNG of 8.6 USD/MMBTU and 13.8 USD/MMBTU, respeetly. This additional value is
valid for all design changes performed, since thleyse 91.9% availability as basis.

The drop in cooling water temperature is not ontgsult of a change in the surface water
temperature (in other words the location of the GRS, the cooling water temperature will
also change with the depth of the sea water sucTiois favours use of riser systems (sea
water suction at greater depths than the draugtiteoFPSO-1) for providing colder sea water
to the cooling water system.

The benefit in terms of energy consumption whernirigaa cooling water temperature of 24°C
instead of 38°C is 11.5 MW saved total power corgion. The reduced power load of 11.5
MW also benefits the environment in that the CO2ssians to the atmosphere during normal
production is reduced with 61 697 ton, given arilakdity of the FPSO-1 of 91.9%.

A removal of the NGL extraction process will leadsevings in power consumption of the
FPSO-1 via two different ways, the inlet compressdhe NGL extraction process will be
removed, saving 2.05 MW, and the two proposed designges in the LNG liquefaction
process will save 9.2 and 8.16 MW, relative to Chasad Case 2, respectively. Therefore, the
removal of the NGL extraction process will leaddtal savings of 11.25 MW or 10.21 MW,
relative to Case 1 and Case 2 design change ligthefaction process.

During the next phases of the FPSO-1 project,aukhbe evaluated whether riser systems
for sea water suction could be beneficial for thgjgrt with respect to investment costs
versus savings in energy consumption and therebsatipnal costs. The two design changes
in the liquefaction process should also be furtheuated in more detail, once the final feed
gas composition is known. When this compositioknswn, the possible degree of
simplification of the NGL extraction process candatermined. In addition, the project
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should keep the opportunity open for having to adapmrganisation and execution strategy
as well as its design and operation philosophycooedance with guidelines given by
financial institutions which have adopted the Equé&trinciples.
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Appendix A

NOx and CO2 Emission Calculations
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NOx calculations

The calculations behind the figures in Table 3&@esented here. The basis for the
calculations is the chosen combustion systemsamé#s turbines, either the Single Annular
Combustor (SAC) system or the Dry Low Emission (DcBmbustion system. The Siemens
SGT-700 gas turbine is considered used on the FE3@4d is considered to be operated at
steady state under conditions which corresponbdartdustrial standard for measurements of
NOx, e.g. 15% O2 is present in the exhaust gas. flow

NOx emissions SAC system [ppm]: 200 ppm [4]
NOx emissions DLE system [ppm]: 15 ppm [23]
Exhaust gas flow Siemens SGT-700 [kg/s]: 91 kg/s [23]
Density exhaust 9a%,q.s 1.2041 kg/m3 (20°C, 1.013 bar)
Density NOx (NO2p,, 1.9025 kg/m3 (20°C, 1.013 bar)
Molar Weight NOx (NO2): 46.01 kg/kmole

Molar Weight exhaustW,,,...: 15.37 kg/kmole (15% O2 in flue gas)
Pressure exhaupt,,.,.: 1.013 bar

Temperature exhaugf,..: 518 °C

The universal gas constaRt 8.314 J/(K*mole)

Actual density of the exhaust gas, by using thalidas law (al):

—_ pflue as _ p fluegas _ 10132533 _ kg
Ioﬂuegas act™ R .%l- - ﬁ g - 8.31 J = 0260{—3
fluegas fluegas o T . 4
MWigegas Kemole 518+ 273.15K
15.37 10° 9
mole

When knowing the actual density of the exhaust thesyolume flow of the exhaust gas can
be found:

. 91 kg / X
Vs = kg /d g 44 (a2)
0.2605 kg /n | s
Then the NOx emissions in m3/s are calculated &svisl
Vexhaust[nf/ Q.XNOx[ ppr}.l.]'o_6 = \40x[ r?i ]f (a3)
For 15 ppm NOx:
V. =349.33fr /s] 15[ppnis 10° = 0.00524[h /< (a4)

For 200 ppm NOXx:
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V. =349.33pF /sl 200[ppni 10° = 0.0699 [ /s (a5)

Further the actual density of NOx at 518°C and afpheric pressure is found:

IONOx, act — Prox = = Priox = J101325Pa = 0708{%} (8.6)
Riow* Twow R4 8314~ m
MW, " Kemole ,(518+ 273.15K
46.01. 10°——-
mole

Finally the flow rate of NOx in kg/s is found fob ppm and 200 ppm:
Miox = 0. 7088— 0. 00524{Tj 0.0037—%Lg (a7)
s

Mo = 07088k—g 0699— 045éﬁg (@8)

These figures are presented and discussed in Tab&e8tion 3.3.2.

CO2 calculations
The calculations behind the figures in Table 3.31i6r@&.3.3 are presented here. The theory
of CO2 formation is presented in Section 1.2.2 “GfDissions”.

The CO2 emissions are calculated based on threeesyamissions when the FPSO-1
produces LNG, the emissions when the topside psesegre shut down due to failure and
only the power consumption of the hull contribut@$he load on the gas turbines and thereby
CO2 emissions, and emissions from the gas clegingess. It is assumed that the gas
cleaning process is only operating when the liqetefa process is operating. It is also
assumed that the fuel efficiency of the gas turbisghe same when the turbines deliver the
total FPSO-1 power consumption as when the turtdeésger only the hull power
consumption.

Thus, the equation for CO2 emissions from the FPS0Rsists of three parts:

. kgcoZ
rnCO2 tot — rnCQ LNGproductlon+ me huIIpoweF" m GO gascleaning—— (ag)
year
Some factors make up the basis for the calculatitese are:
CO2 formation factop: 0.2086 [kgCO2/kWh fuel]
Total FPSO-1 power loadirg, : 157 114  [kW] [22]
Total hull power loading, , : 57694 kW] [22]
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Fuel efficiency gas turbings; : 0.36 []
Avalilability of the FPSO-1r : 0.877 [-]

Flow rate CO2 from gas Cleanir:rgtozgascleaning: 135 937 680 [kgCO2/year]

The power load figurdsand L, , are converted to energy consumption figures, agalse
turbines consume a certain amount of energy overyear:

kWhi _ .365| 9, 4 N
S {year} b (kW] 365{ yeaJ 2{ daj

kWh d h &t
W ays
Enu [—} = Lo [kW] : 365[ } 24{_j
year year da
Then the equation for total CO2 emissions becomes:
r.nCOZ,tot = (¢' E ° aj + (¢' ﬁ ° (l_a)J +( r.ncozgascleaning' aj (3-12)
GT ,7GT
The three separate parts of the equation (al2§lesreed separately:
(a13)
kg kWi ton~ tons
o Bt |0 20gsd OO | 137631864 "uel | ogrr 1| C% | soosgh. O
ot kthueI 0.36 year 100 kg:OZ year
(a14)

kg kW tong tong
et KWhg g 0.36 year 100 kg:oz

(alb)

. ki to to
(mcozgasdeanmg- aj:135937 68 Seo, |, 0.877i to |- 1192 7&
year 1000| kg, year

Then the total flow rate of CO2 from the FPSO-1 vaithavailability of 87.7% becomes:

. to
Mco,, .ot =699 387+ 12059 119217 830 6%@)@} (a16)
year

CO2 emissions which corresponds to the higher aitly of 91.9% are calculated in the
same way, only the value far is changed.
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CO2 emissions relative to liquefaction power:
In Section 3.3.3 the CO2 emissions relative todfgation power consumption only are
mentioned, for comparison to the Snghvit LNG plant.

These emissions are calculated in the following:way

r'ncq,nq :(¢° Si -aj (a17)
Where,
kwh _ 365|939, o4 N
E|iq |:yeal'j| I-|iq [kW] 365|: yeaJ 2{ daJ (818)

And the total topside power loadihg = 137 798 [kW] [22].
Inserting values in Equation (al7), one obtains:

Koco, } 3353084 66{kthuel:l 0gre. L o, :61340{ oreg,
10

kthu el 0.36 year 0 k%oz year

Mco, lig = 0.2085{
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