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Abstract

Carbon capture and storag€CSis an important solution to meeting climate targets set by
United Nations and can potentially reduce %bof C@emissions globallyCCS has beestudied for
over 20 yearsHowever,its deployment rate is low due to challenges surround®@S costs for
deploymentand lack of awareness and importance of CCS in tackling climate change. To determine
the viability of CCS chains, it is important to carry out teebo@nomic and Bvironmertal assessment
over the lifecycle to identify potential cost optimization areas.

There are several tools that can be used for tecbBoonomic and environmental impact
assessmentlool 1 wasdeveloped bya research institution in Norwayrwo versins of ths tool are
available; Tool 1 (2012) and Tool 1 (20T 6pl 2wasdeveloped byEnergy consultancy agency based
in the UK in partnership with research organizations and engineering companies in Netherlands and
Norway. These toolsere used to asss ongoig CCResearch and Developmei&D activities and
possible business cases to determine the accuracy of these tools and to identify the gaps within the
tools. Tool lis able to assess different types of Qfansport options (onshore/offshore pline,
shipping between harbors and direct shipping to an offshore site), vilfola 2 originally developed
for the UK regionfocuses moren ship transport option

Three key themes were investigated within this stutlige first theme consisted of asse®s
andanalyzing shipping transport at different pressures (7atzand 15 bag) from which lowpressure
(7 bam) ship transport was identified to be a cesptimal solutionfor business cases studidflased
on analysis obngoing projectsusingboth versons ofTool 1it was shown thaffor shorter distances
pipeline transportwascost optimal, compared tship transport For longer distancesshiptransport
wasshown to bea better option. HoweverTool 1calculatel the carbon footprint of shipransportto
be greater than pipeline transport of Gégardless of the distancejainlydue to fuel consumption
during travel and otboard reconditioningCost assessment results frofool 2provided a good
insight onlow pressure and medium pressure ship trangpafr CQ, presenting low pressure ship
option as more economical. However, since medium pressure ships have size restrictions (up to 10000
m?3) due to current design rules, ship sizes usedrbgl 2might not befeasible in practie. Tool 2
turned out to bemore of a theoretical scenario tool based on different ship transport studies.

The second key theme consisted of investigating the potential benefitsugingexisting oil
and gasdnfrastructure for transprt and injectionof CQ. Reusing existing jpielines can potentially
reduce emissions by over 80 and give cost savings of ovérl8 compared to new buipipelinesand
ship transport of Co&from one location to anotheprovided that the challenges of 1gse cases are
overcome Common parameters thdiave a significant impact on lifetime costs are flow rate, project
duration, pipdine length and/or shipping distance according to parameter sensitivity analysis
performed usingrool 1

The third theme consisted of understanding the effect of pipelinmegisions on costs
especially focusingn pipe diameter anavall thicknessFor specific pipeline transport case, it is shown
that changing pipeline diameter might have significant impactaialtlifetime costsFor 10.75 and
12.75inch pipeline, varying walhickness in the range of +8@showedvery limited benefit on costs
of pipeline.

Overall, the study qualifiedlool 1for multicriteria analysis of CCS related projects compared
to other publicly available tools. The resutibtained usinglool 1provided insights on areas of GO
transport chainwhere cost optimization can occur ahélped withselecting cosbptimal transport
options for ongoing projects and business cases.
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1 Introduction

Ever since the Paris Climate Agmeentsigned in2016as part of United Nations Framework
Convention on Climate Change (UNFCCCQe thees beeran increasaeneed for Carbon Capture and
Storage (CCS) to ensuhat thelong-term global average temperature does not increasare than
1.5°C above préndustrial levelgJakobsen, Roussanaly, Mglnvik, & Tangen, REKBensive research
has been going on in the field of CCS globally to gain fundamemiavledge of the CC®ains as
well as develop technologies thatould improve the functioning of CCS chains in order to fulfil its
purpose of reduction of G@missions.

Many studies have published cost estimates of CCS chains or parts of thewehaimeoyears
However the resultsare difficult to compare due ttargediscrepanciein the assessedosts despite
studies having similar hypothesiBhereason for such variation in cost estimates could possibly be
due to differences in assumptions made for the analysis and methodologies used for cost assessment.
CC<&ost estimates performed in differemfeographicategionsand selection of system boundas
result inthis variation as wellCCS projects need to be proveconomically and environmentally
feasible in order to bring it closer to commercial realizatiQhfakobsen, Tangen, & Nordbg, 208
However, in order to & successful, they need to fulfil and satisfy a wide range of technical, economic,
environmental and societal requirements.

A research organization based in Norvweg developed an Excel based tool calfed! 1, for
multi-criteria assessment of CCS clsaikt the moment onlyseveral parties have been given access
to this tool that are part of an international research collaboration on CCS since 2016. Such parties are
research institutions, universities and major industrial partnd@itse main objective athis research
collaboration on CCiS to fasttrack deployment of CCS through innovation and overcoming barriers
to become a leading CCS Centre globalhol 1was ceveloped undetthis research Centrand the
purposeof the tool is to estimate the cosand environmental impacof CCS value chan Two
versiors of this tool are currently available and is beneficial in identifying the potential cost
optimization area of the C@transport system as well as aiding in selecting a-opsimal transport
option for certain cases

Another techno-economic and environmental assessment tool wablighed in late 2018y
an energy consultancy agency basedtfie UK It was commissioned in the UK foretlpurpose of
estimating shipping costs of @@his tool is nameé as Tool 2vithin this report.The tool is limited to
estimating the cost of shjpng between harbors or direct shipping to an offshore site cost. It consists
of a liguefaction/conditioning unit before export and the shipping export part.

In the current research an assessment of the two tools described above have beermtene.
scope & the work has been limited to cost and environmental impacialysisof CQ transport
systemsTwo versions of ool 1landone version off ool 2were used for the analysis.
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1.1  Objectives

The main objectiveof the thesiswere:

1 To assist TotaExploration& Production E&B NorgeCCS R&D team with topics related to
CQ transportby assessingurrently available tools on technreconomic and environmeat
criteria of CCS related projects.

1 To help with identifyingand analying the gaps in the accuracy ofdlfCCS simulatiotools
and potential improvements.

1 To use the toolo assesduture business cases

1 Toquantify the potential benefgin terms of ost savings and environment of the ongoing
R&D activities.

1.2 Company overview

Total E&P Norge is a sudlisry of Total Group based in Stavanger, Norway for more than 50
8SI NAXZ NBaLRyarofS F2N ¢2Gl t Q& [SobvedfiaB Ndntihéngaly | vy R
Shelf. Stavanger Research Centre (SRC) is one of five R&D centres of Totah&ddtated ouside
of France SRQ@nain activitiesare on the following topics: Drilling & Wells, low carbon and CCUS unit,
deep offshore and sustainabbevelopment.

1.3 Context and Thesis outline

Aligning with the ambitious target of staying below the global temperatige of 2°C, Total
is committed to promoting Sustainable Development Goals (SDGs) defined by United Nations. To
tackle the challenge ofiohate change, the group has integrated climate into its four stratiegigses:
Natural gas, low carbon electricity, ppeleum products and carbon neutrality. Total is committed to
develop first industrial hubs for commercial CCS and help cartiensiveindustries like cement and
steel manufacturing reduce their G@missions through CCS operati¢hotal Group, 2019)

Total hasheavily invested ifCCS related activitiés last decadeut of which a third of them
are taking place in Norway. Total has invested project connected to the Norwegia@ontinental
Shet (NCSwhich is dargescaleCC®lan developed with Equinor arfshell to transporin the first
phasel.5 Mt CQ per year. The success of this project coaypen doors to industrial development of
CCS within Norway and throughout the regand Europe

The focus of this thesis has be@amalysis of COtransport optins (both by ship and by
pipeling through assessment of various projects and business cases. The purpose of the work is to
reveal the financial and environmental interest of developing §Gf&ms with lowest possible €O
emissions.

The main reasons wWhCS is required, and the challeagfaced with CCS currentye
covered in the second chaptefhe third chapter of the report introduces the techeoonomic and
environmental assessment tools that are public or restricted. Quick cases are simulagdhosia
tools and the results arpresented and compared to understand the difference in the functionality
and accuracy of the tools.

The fourth chapter represents the first theme of the thesiich is medium pressure and
low-pressure ship transport. T chapter introduces the projestrelated to shipping at different
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transport pressures. and comparison of costs and environmental assessment results to identify the
optimal transport conditions.

The fifth chapter explores a new themegaluation casesf reusingpipelineinfrastructurefor
CQ transport as part of ongoing R&D interests. The chapter expbpesjectinitiated byTotal E&P
R&D teamand presentsthe results obtainedisingthe simulation tooldor this project

The sixth chapter is the fiththeme of the thesis woréind i focuseson the effects of pipeline
dimensions on the costs of €ansport.

The last three chapters of the report summarize the key findings and igiéméifgaps inrool
1 after the assessmentsave beercompleted. Thehapters also include recommertitans on future
work related to techneeconomic and environmental assessments of €&nhsport chains and final
conclusions. Most of the detailed results and tables can be found in the appendices attached at the
end of thereport.

2 Theory

2.1 Importance of CCS

To meet the global energy demasychuman population would remain dependent on oil and
gas fordecadego come Climate researchers agree that {i®a greenhouse gas which stays in the
atmosphere forming a blanket that prents heat radiion escaping the atmosphere. As a result, it
Ol dzaSa 9 NIKQa it $VYahJSnehlitidzBdiitioni & comlefe $top oil and gas
production to save the environment, however a possible solution is to reducee@@valent
emisgons from industial activities through CCS progranCement and Steel industry are also big
contributors of C@ by generating between 7 and 9 % of global total annually, which are being
addressed in current CCS prograritl Commission released its 2050m@te Strategy €port in
November 2018 stating that globally £@&missions should be reduced by 5 gigatpes year
(Benjaminsen, 2019and through CCS around 2% of the global emissions can potentially be
eliminated (Gassnova, u.d.Without CCS, the challenge of achieving climate objectives will become
greater.

2.2  Challengewith CCS

CCS technologies are expensive since they are not widely available and have not matured.
Over the years the &ts of seh technologies could decrease. Lack of governaleminding and
support is resulting in slow growth of CCS deployment. To deploy CCSgpodbng and continued
support is required from governmesnto develop CCS that includes incentivesl aubsidés to
encourage development of CCS. Lack of incentives for public and private investors is another challenge
that could be met by making CCS profitable from €1les forenhanced oil recovenEQOR purposes
or other utilization purpose (Todd, 2019)

There is adck of knowledgen thegeological characteristics for storage of.@0e to limited
experience and datal herefore,CCS researchers need to explore potential €@age locations and
set up testing projects to identifthese areas. There is also lack of knowledge about CCS amongst the
public due to poor communication strategin short, there is a high level of uncertainty surrounding
feasibility of CGSvhichcan only be overcome through successfulness of seve&k€l@ted projects
around the world.
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3  Existingools

Within this chapter the fundamentals behind techroonomic and environmental assessment
tools for CCS chains are explored. The first tool is catletl], which is being licensdtbm a research
organization based in Norwalyy Total E&P Norge. Two venssoof this tool are availabld ool 1 (2012)
and Tool 1 (2017and both versions have been evaluated within this thesis. The second tool used is
a publicly available tool andiisferred to asTool 2within this report

3.1 Tool 1(2012)

A researclorganization based in Norwaveloped a methodology and a common framework
to assess CCS chains based on multiple criteria. A temtormic and environmental assessment
tool referred to asTool 1(2012)was deeloped which allows cost evaluation and quemison of
different CCS chains/components. It has a modular structure that simulates the CCS chain
configurations. The purpose of such a tool is to help decision makers select the best alternatives for
CCS chaiand help bring CCS closer to commercializadon. From an R&D perspective it can easily
and quickly estimate costs and emissions for CCS related @ojecases.

Tool 1(2012)can be used to develop case studies that caulileon different aspectef CCS
deployment such as technology deveinent, effect of economic parameters and political and
regulatory issues. The tool allows user to compare technologies within a single chain, compare
different chain designand perform sensitivity analysisTheresults can be used for compari@S
technology withother solutionssuch as renewables

The tool has a modular structure presentedFigurelError! Reference source not found.
The modules ar€Q capture, conditioning, transport and storageodulewhichcan be connected to
make a CCS chain. The modules work together to perform an integrated tecbnomic and
environmentd assessment of the chains (refer Fagure2). Basicinput or designparameters are
defined inthe tool depending on the specific case (e.g. flow rate, distance, lifetime, shipping speed)
The input data is used within the tool fottechnical assessment of the chain/modulhetechnical
assessment ibased m modelling from Aspen Plus, AspilY ¥ Sand modelling from literature. The
mass and energy balances obtained from Aspen lead to size of equipment required and the utilities
consumption. Aspen process economic analyzer and data from literarerased toperform cost
assessment. Investmentssts,Operations & Maintenanced&M) and utility costsare obtained from
the cost evaluation. Lastlygreerthouse gaseSdHG assessment is performed by using a hylifed
cycle assessmentCAmethod which uses ctiate impact factors from Ecolnvehife Cycle Inventory
and 10 LCA methodCarnegie Mellon University databastn short system parameters and
independent variables are used as inpuT ool 1resulting in economic outputs and emissioRgyre
3).

Within this report, the main focus has been the QdJ@ansport module. However, whenever
necessary the Conditioning module has been used as@@ltransport module has four submodules:

1) Shipping between harbors

2) Shipping directly to anffshore site
3) Offshore pipeline

4) Onshore pipeline

Conditioning module has four similar submodules.
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3.1.1 Onshore pipeline transport

CQ s captured and delivered at 1 atm and Z5to the conditioning unjtwvhere CQwill go
through 4 compression stages and pumping to ret@hdesired purification and conditioning for
export(Aspelund & Jordal, 20§f7Coolingduty requiredis obtained from AspeilYSY&nd converted
into a model that is a function of power model coefficient (which is specifically calculated for each
compressor and pump), annual flow rate aclye h pressure between inlet and outlet of nditioning
unit, operating hours and adiabatic efficiency. Cooling water requirengsimply modded using
heat transfer lawsand it is proportional to a constant and annual volatric flow rate (SR & ESH,
2012¥.

Thecapital expenditure CAPEXof onshore pipelingn Tool 1 (2012ith design pressure of
150 baris 47377 €x00dinch/km. This isobtained from literature on NorthWestern Europe CO
infrastructure report(Mikunda, et al., 2011 Factor estimation metho@ used to estimate the CAPEX
of process equipment for varying capacities and costs by multiplying the investment cost with direct
and indirect cost factors estimated using Aspen Pssc&conomic Analyzer. Fixegerating
expendture (OPEXis set at 86 of CAPEX per year for process units while for onshore pipeline it was
set as 663&/km/year (Mikunda, et al., 2011)ariable OPEX is set as a function of fl&@ rate and
estimated using process sifations.

3.1.2 Offshore pipeline transport

Similar to the onshore pipeline transport option, tR€ is capturedand delivered at 1 atm
and 25°C to the conditioning unit where G@ill go through 4 compression stages and pumping to
reach desired purification and conditioning for exp@spelund & Jordal, 20RTCoolingduty required
isobtained from Aspen HYSYS and converted into a model that isteofuatpower model coefficient
(which is specifically calculated for each compressor and pump), annual flow rate, change in pressure
between inlet and outlet of conditioning unit, operagjrhours and adiabatic efficiency. Cooling water

! Dehydration unit is not included iTool 1 because it assumes that the inlet stream is pute CO
2 Dehydration unit is not included in Tool 1 because it assumes that the inlet stream is pure CO
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requirementissimpy modelled using heat transfer lawadit is proportional to a constant and annual
volumetric flow rate (SR & ESH, 2013)

The offshore pipeline has a mexim design pressure of 200 bar. Offshore pipetia@sport
consists of a flexible pipeline riser to transport;@Om shore to the bottom of the sea and then the
actual pipeline itselSR & ESH, 201 ipeline is desigd according téAmerican Petroleum Institute
AP)ALISOAFAOLFIGA2Y p[ adil yRI (NFerican{Pei®léumTrstiute(i10ID)y F 2 NJ
Pressure dropare calculated using steady state equations for incompressible diogler isothermal
conditions and derived frorRanning equation with no elevation eff@R & ESH, 2013

The CAPEX of offshore pipelineTiool 1 (2012with design pressure of 200 bar is 71065
€200dinch/kmbased oriterature on NorthWestern Europe Gnfrastructure report(Mikunda, et al.,
2011) Factor estimation methods used to estimate the CAPEX of process equipment for varying
capacities and costs by mulying the investment cost with direct and indirect cost factors estimated
using Aspen Process Economic Analyzer. Fixed OPEXti6 ¥e0& CAPEX per year for process units
while for offshore pipeline, its set @ 6633¢e/km/year (Mikunda, et al., 201} Similar to theonshore
pipeline case, thevariable OPEX is set as a function of {i§Ww rate and estimated using process
simulations.

3.1.3 Shipping to an offshore site

CQ from capture site is conditioned to reachbébaia and -50.3 °C (liquid state) for it to be
exported by ship(Aspelund & Jordal, 2007ATonditioning unit consists of 3 compression stages and
ammonia cooling cycle to lower the temperature. Shipping export part consistsryogenic
temporary buffer storage, the actual ship transport, a ship cryogenic buffer storage close to storage
location that includs on-ship reconditioning and a flexible pipeline riser. Buffer storage size is taken
to be equal to the ship size selectedhile a Submeged Turret LoadingS(Tl. system and spread
mooring system is used at the storage $E@ropean Technology Platform for Zero Emission Fossil Fuel
Power Plants (ZEP), 2011

Shipping fuel consumption is estited from literaure while reconditioning on shiare
simulated using Aspen HYSto model the electricity consumption onboafi@oussanaly, Bureau
Cauchois, & Husebye, 2012hipping CAPEX and loading and unloading fasitAPEX and BErare
used from literature presented by Knoope et@&noope, Ramirez, & Faaij, 2015

3.1.4 Shipping between harbors

Conditioning before shipping export for both types of shipping are sitilarthis case the
conditioned CQgoes to a cryogenic temporary buffer storage from where it is loaded tre ships
for transport which unload C@t another cryogenic buffer storage onshore .@&2hen reconditioned
onshore to be exported via pipeline. All the other data are obtainedsdrae waythey areobtained
for direct shipping module except that the electricity consumption estimated based on Aspa® HYS
simulations are slightly differefit

3 There is a catitioning submodule for shipping between harbors and a conditioning submodukhfpping
directly to an offshore site

4 Reconditioning onsherfor shipping between harbors case consumes more electricity (due to increasing
pressure of C&to match pipeline export pressure) than -ahip reconditioning for direct shipping (which
needsto increase Cgronditions to match wellhead pressure).
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3.2 Tool 1(2017)

A recent version oTool 1which was updated in 2017 wasovided toTotal E&PNorge in
March 2020. The tool visually looks like its predecessor however some improvements have been
made in capture and transport modules. Overall, formatsevapdated (such as the layout of
Parameters sheet ifool 1module) and the costs were updatieto reflect 2016 levelsSome of the
main updates relevant to this report are described in the following paragraphs.

The following improvements were madeTool 1(2017) compared td ool 1(2012):

1 Improved cost model for onshore and offshore pipeliresédon Knoope et al(Knoope,
Guijt, Ramirez, & Faaij, 2014yhere the cost model is split into various elements: material
cost, labor cost, onshoreffshore landfall cost, Rigltdf-Way cost and miscellaneous costs.

1 Pipelinemodule includes different terrain factors into consideration when calculating costs.

1 Fixed annual OPEX of pipelirtés both onshore and offshoré}reduced to 1.8% of CAPEX
(from 9 % for offshore pipelines and 14 % for onshore pipelines)

1 More input parameters are added to the parameters shektaddition, user is given more
flexibility in terms of changing seapameters (in the case of pipeline and ship module in
Tool J.

1 Additional ship sizes have been added along with user specific ship chatacteri

3.3 Tool 2 (2018)

In the tool the inlet Cexto the liquefaction unit can either be preressurized (7400 bar) or
non-pressurized (2 bar) which undergoes processes to reach the desired output condifiaas 2
is based on_compiled literature dataon CQ liquefaction that considers transporr@ssure option of
low, medium and high. A shalisted literature data on liquefaction CAPEX, OPEX and energy
requirement were averaged leading toliguefaction cost assumptiothat Tool 2have used in the
model (refer toTablel). Fixed OPEX was set asd®f liquefaction CAPEX per year and liquefaction
fuel price is set aB 0.08/kWh inTool 2which is for the electricit (EE & others2018)

Tablel: Liquefaction cost assumptions used ool 2, 6

Transport Inlet pressure Specific CAPEX Fixed OPEX  Energy required
pressure type of CQ (E/t codyear) (% CAPEX/year) (kKWht)

Low P Prepressurized 9.8 10 24.6

LowP Non-pressurized 195 10 104.2
Medium P Prepressurized 7.6 10 19.6
Medium P Non-pressurized 151 10 831

High P Prepressurized 4.9 10 16.6

High P Nonpressurized 9.7 10 70.3

5 TheBritish Pounds are converted to Euro using the following exchangeéhate 0. 8&

8 (EE & others, 2018)

" Specific CAPEXan assumption used ool 2which comes from averaging liquefaction CAPEX data from
literature.
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The buffer storage size befoexport is 20% greater than ship capaciand the specific cost
of storage is found from a list of literature dgtaefer to pag@&1for the storage assumptions usau
Tool 9. Loading and unloading CAPEX and OPEdeteamined byaveraging the data from various
literature to select specific loading/unloading CAPEX &g/tcozper year and OPEX a&@of CAPEX
per yeaf. Ship CAPEXTiool 2is estimatedby performing regression analysis on CAPEX values found
in literature for low Pressure (LPand MediumPressure(MP) shiggransport. A power regression curve
can be seen ifrigure4 that can be used to estimate ship CAPEX based @arigocapacities. Ship
fixed OPEX is set at% of CAPEX per year in the tool. Harbor feed ship fuel consumption are
calculatedby regression analysis on data found frditerature as shown irFigure4. Onshore and
offshore reconditioning costs atesed orliterature (EE & others, 2018)
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3.4 Comparison betweemool 1& Tool 2

Purpose of the work in this sectiomasto qualify the current tools available on techno
economic and environmental assessment of CCS retaisesas well as to identify and analyze the
gaps in the accuracy of these tools. Three tomse evaluated:Tool 1(2012),Tool 1(2017) andT ool
2(2018).

3.4.1 Tool 1(2012 vsTool 2

A thorough analysis was performed for all the transport modules witbiol 1 (2012andTool
2 0 The main parameters that were varied were lifetime of the project and the flow rdtes.
distance was fixed at 600 kripiv rates were analyzed as 0.5, 1abd 10 MTPA of G@nd the
lifetimes were 10 years, 20 years and 4@nge

8 Loading and unloading CAPEX is assumed in Todl 2.4%cozper year and OPEX as 3 % of CAPEX per year.
9 (EE & others, 2018)
0 Tool 2 does not have onshopipeline transport module
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3.4.1.1 Shipping between harbors

For shipping between harbors, the lifetime costs given by each of the aoelsresented in
Table2. For each flow rate and each lifetime, the difference betw&enl 2and Tool 1 (2012jotal
lifetime costresults variethetween15 - 23 % range. In absolute values, as the flow rate is osed
from 0.5 MTPA to 10 MTPAgol 1 (2012yives higher results in terms of magnitude thEool 2 As
the project lifetime increases from 10 years to 40 yeatsatflow rate such as 0.5 MTPA, the lifetime
costs given by botfiool 1 (2012andTool 2increases by almost 206 compared to théfetime costs
over a 10year period This represents an increase in 356 fdr Tool 1 (2012) and 280dVor Tool 2.

Figure5 and Figure6 represent the cost splitebtained from Tool 2and Tool 1 (2012for
shipping between harbors case (including conditioning before expor)..oMTPA 10 yars and 40
years lifetime respectivelyn both figures it is observed thdtool 1 (2012pives in generahigher
costs compared td ool 2except for investment costs (e.g. Ship CAPEX difference in the lifetime
costs between the toolmainly comesrbm conditioning CAPEX and OPH} reason for that i§ool
2 uses electricity to provide energy to the liquefaction unit whitel 1 (2012)ises fuel thereford ool
2 would have a lower OPEXool 1 (2012shows almost a double liquefaocti CAPEXompaked to
Tool 2 The liguefaction cost in Tool 1 is basedf@mpen HY¥S simulation of liqguefaction uniwvhere
the investments costs of process equipment are obtained from Aspen HYSIS economic analyzer
software. Tool 2 on the other hand usesquefaction CAPEX that has been averaged from a list of
literature data.

Table2: Difference between lifetime cost results fr@iool 1(2012)and Tool 2for 600 km shipping between harbors cHse

Difference .
L % difference
e Total lifetime SEIEET between
Flow rate(MTPA) Year |O2 a U aTod OS2 5 i 3Tooh2a Tool 1(2012) Tool 1(2012)
1(2012) and Tool 2 .
bac b and Tool 2
10 176 146 30 21 %
0.5 20 293 239 53 22 %
40 526 427 99 23 %
10 284 238 45 19%
1 20 490 405 84 21 %
40 903 739 163 22 %
10 1222 1006 216 21 %
5 20 2130 1737 393 23 %
40 3942 3197 744 23 %
10 2194 1907 286 15 %
10 20 3913 3333 580 17 %
40 7350 6184 1165 19 %

1 Distance is 600 km; flow rate and lifetime are varied, and the transport type is shipping between harbors
including conditioning before export costs.
2Tool 2 cost values are taken as referencanfm
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3.4.1.2 Shipping to an offshore site

Forshipping to an offshore siteansport option to a potential storage locatiothe lifetime
costs given by eactf the tools are presented ifable3Table2. For each flow rate and each
lifetime, the diffeence betweerTool 2and Tool 1(2012)results varied within @ - 24 % range. In
absolute values, as the flow rate is increased from 0.5 MTPA to 10 Mo&A(2012)gives higher
results in terms of magnitude thahool 2 Asthe project lifetime increasefom 10 years to 40
years at low flow rate such as 0.5 MTPA, the lifetime costs given byToothl (2012and Tool 2

increase by almost75% andl80 %compared tothe costs over a L§ear period.

The difference in the lifetime costs between the toolainly comes from conditioning CAREX

OPEXand Reconditioning oship CAPEXThe reason for that i$ool 2uses electricity to provide
energy to the liquefaction unénd reconditioning univhile Tool 1 (2012ysesheavyfuel. Therefore,
Tool 2would havea lower OPEX.0ol 1(2012)shows almost a double liquefaction CARBMpared
to Tool 2 The liquefaction cost in Tool 1 is based on Aspen HYSYS simulation atlignainit,
where the investments costs of process equipment are obtained from AspeB E¥@lomic analyzer

software. Tool 2 on the other hand uses liquefaction CAPEX that has been averaged from a list of

literature data.

Table3: Difference between lifetime cost results fr@mol 1(2012)and Tool 2for 600 km shippig to an offshore site

casés
e HRIEmEE % difference
CEllsne Total lifetime s between
Flow rate (MTPA| Year |O2 a U aTod 52 A i &Tod 2 Tool 1(2012) Tool 1(2012)
1(2012) andTool 2 A
6ac b andTool 2
10 205 165 40 24 %
0.5 20 325 264 61 23 %
40 564 461 103 22 %
10 329 281 47 17 %
1 20 537 455 81 18 %
40 954 804 149 19 %
10 1199 1038 161 16 %
5 20 2075 1779 295 17 %
40 3826 3262 563 17 %
10 2179 1973 205 10 %
10 20 3846 3414 431 13 %
40 7179 6297 881 14 %

B Distance is 600 kmjofv rate and lifetime are varied, and the transport type is shipping to an offshore site

including conditioning before export costs.
14 Tool 2 results are used as reference
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3.4.1.3 Offshoe pipeline

For offshore pipeline transporsystem, the lifetime costs given by each of the tools are
presented inTable4. A key point about offshore pipeline transport module is thabl 2does not
include cets for conditioningpefore pipeline exportHowever,it does giveacompressor costSo,
to make the comparison fair, only the transport results are compared betWesh 1 (2012and
Tool 2 For each flow rate and each lifetime, the difference betwdemwl 2and Tool 1 (202)
results variedetween-6to 11 %. In absolute values, as the flow rate is increased from 0.5 MTPA
to 10 MTPATool 1 (2012pives highecostresultsthan Tool 2excef for the case of 5 MTPA. At 5
MTPA flow rate,Tool 2gives higher offshore pipelineosts thanTool 1 (2012)3due to Tool 2
selecting larger pipeline diameter tharool 1 (2012)For the flow rates investigated, hen the
project lifetime increases from Iykears to 40 years , the lifetime costs givenTopl 1 (2012and
Tool 2increase byapproximately29 % and27 %respectively The difference in the lifetime costs
between the tools mainly comes fropipeline CAPEXue toa lower aggregated pipeline CAPEX
in Tool 2compared toTool 1 (2012 (EE & others, 2018)

Table4: Difference between lifetime cost results frdmol 1(2012)and Tool 2for 600 kmoffshore pipelineasé®

Difference .
T % difference
Totallifetime |+ lifetime between between
Flow rate (MTPA|  Year | O2 & (i &Tod| s, o ¢ 2o o To0 1(2012)| 1(2012)
1(2012) andTool 2 6
6ac b and Tool
10 449 409 39 10 %
05 20 492 447 46 10 %
40 579 521 58 11 %
10 586 573 12 2%
1 20 642 625 17 3%
40 756 729 26 4%
10 928 983 -54 -6 %
5 20 1021 1072 -51 -5 %
40 1205 1251 -45 -4 %
10 1349 1310 39 3%
10 20 1483 1429 54 4 %
40 1750 1667 83 5%

S Distance is 600 km; flow rate and lifetime are vdyiand the transport type isffshore pipeline which does
NOT include booster pump and conditioning costs before export
% Tool 2 results are taken as reference
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4 Business case from North of France

This section of the reportoversthe techneeconomic and environmental assessment
conducted forsomeparts of a business casn North of FrancewhichTotal E&P Norge iavolved in
The assessmenisclude a section that coverand compares CQhip transportat 7 bara and 15 bara
This assessment is conductied one of the concepts from the project

4.1  Introductionto busines caseMP versus LP ship transpanida project
connected to Norwegian Continental Shelf (NCS)

The idea behind thbusiness caswas to design a CCS chain frolarthern region of France
to a potential storage location in the North Sea and define a @psinal transport method. CQwvas
captured and conditioned a&n industrial sitein France Threealternativeswere evaluated and
assessed from economic point of view by Total BfPge R&Dn order to compare and select the
most appropriate option. The réit alternative was I W&l (it 2)yRS Q A ysldy LBEYVESS v (i
compared to othemlternativesand it studi@l the costs of C&ransport by offshore pipeline and by
ship for varying distances representing differéatations for thestorage site. The secoradternative
wasto connect to theproject within NCSvhere the captured C8Orom North of Francevasstored n
a locationin the North SeaThe third and lasalternativewasto connect toa projectin Netherlands
where CQwastransported toDutch NorthSee coasand stored via a potential collaborative project
with the host

This report includes an important assessmeniMadium pressure (MR)ersus bw pressure
(LP)CQ ship transportfor the second alternatig of the business casehich is being studiedithin
Total E&P Norg€Q transport team Currently 15 bax(MP)pressure is being used to transpéood-
grade C®@and this is what is considered fgpocoming projectsLPtransport is at 7 bais beingooked
at as an optirization since it will allow a larg&Q transport capacityper ship There are no LP ships
in the wold, so the studies involving LP ships are theoretical or are used for R&D purpose.

4.2 Objectives
The objectives of this work performed in this sectioere the following:

1 To investigate the feasibility of usifi@ol 1to perform techneeconomic and environmeal
assessment of projects Total E&P are currently a part of.

9 To determine a cosbptimal transport option for the projects and business case.

1 To identify the limitationsn Tool 1by compaing the two versions with each other and with
another publicly aailable tool for the work performed in this section

9 To investigate and understand tliference in techneeconomic and environmental results
between 7 baa (LP) and 15 bar(MP) ship transport as part of a business case.
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4.3

43.1

Case description & Methods

Busines case from North of Franc&nalysis of alternativassingTool 1(2012) Tool
1(2017)& Tool 2

Three alternativeswere investigated undethe business casand analyzed using both
versiors of Tool 1(2012& 2017 andTool 2.

4.3.1.1 Alternative#l: Stanealone studyg Offshore pipeline vs direct shipping (LP)

In thisalternative 1 MTPA 4 MTPA and 10 MTRA CQis transported via offshore pipeline
or shipat 7 bara (low pressure ship transpoffhese options are studied and compared for distances
from 100 kn to 1000 km usingoth versions offool 1.

The following inputs were useth Tool 1(2012}":

9 Offshore pipeline

(0]

O O 0O o0 oo

Transport rate:
Project lifetime
Pipe length:

Inlet pressure:
Outlet pressure:
Cost of steel:

Real discount rate:

9 Direct shipping

(0]

O O 0O O o0 O

Transport rate:
Project lifetime:
Ship size:
Shipping distance:
Ship speed:

Real discount rate:

Ship utilization rad:

1, 4, 10MTPA

15 years

100-1000 km

varies between 100 and 2QgGar
80 bar

1800¢/ton

7%

1,4, 10MTPA

15 years

21825 305550r 39285 m®
100-1000 km

26 km/hour

7%

85%

The following inputs were used iffool 1(2017}2:

9 Offshore pipeline

(0]

O O 0O o0 oo

Transport rate:
Project lifetime
Pipe length:

Inlet pressure:
Outlet pressure:
Cost of steel:

Real discount rate:

1, 4, 10 MTPA

15 years

100-1000 km

varies between 100 and 200 bar
80 bar

1800¢/ton

7%

17 All ship transport using Tool 1 (2012) are at pressures of 7 bara (LP)
18 All ship transport usg Tool 1 (2017) are at prasres of 7 bara (LP)
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9 Direct shipping

(0]

O O 0O o0 O O

Transport rate:
Project lifetime:
Ship size:
Shipping distance:
Ship speed:

Real discount rate:
Ship utiization rate:

1, 4,10 MTPA

15 years

varies between 3870 to 38225°m°
100-1000 km

26 km/hour

7%

85%

4.3.1.2 Alternative#2A: Plugin Norwegian Continental Shelf (NO8)rwayg Offshore

pipeline vs direct shipping (ladyd Ship transport (MP vs LP)

A distance is estimated betwedtorth of Franceand a location in the North Sea represent
the transporting distance required to transport £f@m capture site to a poinin the Norwegian
Continental ShelfNC$ for permanent storageBoth versions ofool 1were used to analyze offshore
pipeline and shipransport(LP ship transport at 7 barByr this option and the results were compared
with each other to identifyhe cost optimal transport methodl'he second part of thislternativewas
simulation ofthis case usingool 2 Shipping between harbor®¢rth of Franceo West Coast of
Norway) awl direct shipping to an offshore sitBl@rth of Francéo a pointin the NCSyerecompared
usingTool 2whereboth MP and LP ship transportene assessed.

The following inputs were used iffool 1(2012)

9 Offshore pipeline

(0]

O O 0O oo oo

Transport rate:
Projectlifetime
Pipe length:

1 MTPA
15 years
1100 km

Optimum pipeline diameter: 12.75inch OD

Inlet pressure:
Outlet pressure:
Cost of steel:

Real discount rate:

9 Direct shipping

(0]

O O 0O o oo

Transport rate:
Project lifetme:
Ship size:

Shipping distance:
Ship sped:

Real discount rate:
Ship utilization rate:

155 bar
80 bar
1800¢€/ton
7%

1MTPA

15 years

21825 ni (2 ships)
1100 km

26 km/hour

7%

85%

19 Maximum ship size considered in Tool 1 (2017) was 39285 m
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The following inputs were used ifool 1(2017):

9 Offshore pipeline
0 Transport rate:
Project lifetime
Pipe length:
Optimum pipeline diameter:
Inlet pressure:
Outlet pressure:
Cost of steel:
Real discount rate:

O O 0O O o oo

9 Direct shipping

o Transport rate:
Project lifetime:
Ship size:
Shipping distance:
Ship speed:
Real discount rate:
Ship utilization rate:

O O 0O o oo

1 MTPA

15 years
1100 km
12.75inch OD
155 bar

80 bar
1800¢€/ton
7%

1 MTPA

15 years

7500 n¥ (2 shis)
1100 km

26 km/hour

7%

85%

Thefollowing inputs were used iffool 2 (2018¥°:

Shipping distance:
Transport rate:
Project lifetime:
Ship size:

Ship speed:

Real discount rate:
LP transport:

MP transport:

Ship utilization rate:

O OO O oo OoO oo

1100 km

1 MTPA

15 years
20000 to2
27.78 km/hour
7%

7 bama

15 bam

100%

4.3.1.3 Alternative#2B: Project connected to NGShipping between harbors (MP vs LP)

Alternative #2Bof the business caseas resimulatedfor low pressure and medium pressure
ship transportfor a 25year lifetimein Tool1 (2017)and Tool 2 Thisalternativeallowed comparison
of MP vs LP shipping $&d on a fixed distanc&ool 1 (2012yas not used due to the complexity of
manipulating the parameters tanimic MP transport. The distance selected was 1000 kwvhich
represented the distance fromNorth of Francdo West Coast of Norwayrhe flow rate sedcted was
1 MTPA and the transport optiselected washipping between harbors

The following inputs were used iffool 1(2017) for LP and MP transport analysis:

o Transport ate:
o0 Project lifetime:
0 Ship size:

1 MTPA
25 years
7500 n?

20These iputs are used for both types of ship transport: shipping between harbors and direct shipping to an

offshore site
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o0 Number ofships 2

0 Shipping distance: 1000 km

0 Ship speed: 27.78km/hour
0 Real discount rate: 8%

0 LP transport: 7 bara

0 MP transport: 15 barg!

0 Ship utilization rate: 85%

The following inputs were used ifool 2(2018):

0 Shipping distance: 1000 km
o0 Transport rate: 1 MTPA
o Project lifetime: 25 years
0 Ship speed: 27.78 km/hour
0 Ship size for LP transport: 7500 n¥
0 Ship size for MP transport: 7500 n?
0 Number of shps: 2

o Real discount rate: 8%

0 LP transport: 7 bara

0 MP transport: 15 bara
o0 Ship utilization rate: 100%

4.3.1.4 Alternative#3: Plugn project in Netherland©ffshore pipeline vs shipping between
harbors (LP)

A distancewas estimated betweenNorth of Franceand a coastal region ofNetherlandsto
represent the transporting distancleetween the capture site and target locatioDutch region is
hosting several CCUS projects which can potentially receiv&@®North of France Both versions
of Tooll were used to analyzeffshore pipelingfrom Northern Franceéo Netherlandsandshipping
transport (from Northern Francdgo NetherlandsYor this option and the results were compared with
each other to identify lie cost optimal transport method.

The bllowing inputs were usd in Tool 1(2012¥%

9 Offshore pipeline

o0 Transport rate: 1MTPA

o Project lifetime 15 years

o0 Pipe length: 200km

0 Optimum pipeline diameter: 10.75inch OD
0 Inlet pressure: 110 bar

0 Outlet pressure: 80 bar

o Cost of steel: 1800¢/ton

0 Real discountate: 7%

2 For assessment foVIP transport some parametetsad to be manipulated in Tool 1 (2017) using parameters
from Tool 2.
22 All ship transport pressures are at 7 bara (LP)
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1 Shipping between harbors

(0]

O O OO0 o o o

Transport rate:
Project lifetime:
Ship size:

Number of ships:
Shipping distance:
Ship speed:

Real discount rate:
Shiputilization rate:

1 MTPA

15 years
21825 ni

2

200km

26 km/hour
7%

85%

The following inputs were used ifool 1(2017):

i Offshore pipeline

(0]

O O O o o o o

Transport rate:

Project lifetime

Pipe length:

Optimum pipeline diameter:
Inlet pressure:

Outlet pressure:

Cost of steel:

Real discount rate:

I Shipping between harbors

(0]

O O 0O o o oo

Transport rate:
Project lifetime:
Ship size:

Number of ships:
Shipping distance:
Ship speed:

Real discount rate:
Ship utiliation rate:

1 MTPA

15 years

200 km
10.75inch OD
110 bar

80 bar
1800¢€/ton
7%

1 MTPA
15 years
4800 nt

2

200 km

26 km/hour
7%

85%
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4.4 Results® Discussion

4.4.1 Analysis results of three alternatives of business asisgTool 1(2012) andlool 2
(2018)

4.4.1.1 Alternative#l: Stanealone stug ¢ Offshore pipeline vs direct shipping (LP)

Figure7 shows results of standlone study for C&transport by ship and offshore pipeline,
with varying distance and flow rat@hese results were obtained by usifgpl 1(2012) The CAPEX
shown inthe graph combines the CAPEX of conditioning aaadisport part of the chain. When the
shipping and offshore pipeline results were combined into a single graph, compared to the pipeline,
the ship CAPEX with distance did not seem to hasigraficantchange due to the same number of
ships being used todnsport over longer distances and shorter distanthsre is a almostlinear
increase in pipeline CAPEX to length. The pipeline CAPEX is a function of length and diameter of pipe
as well as aggregated pipeh Yy S O2ald o6T1mncp € kA je@hub]lt¥obvioysR NI a S
that when the pipeline length increases, more material for construction would be required as well
as more labor.

2,500
- -8 -- Offshore Pipeline -1
2,000 MTPA
Offshore Pipeline - 4
MTPA
= 1500 Offshore Pipeline - 10
= - MTPA
n —— Shipping - 1 MTPA
o
<
O 1,000 - Shipping - 4 MTPA
—"'
/" h
g Shipping - 10 MTPA
_-Y
500 S

=
;X

>
P

0 100 200 300 400 500 600 700 800 900 1000
Distance (km)

Figure7: Cost of C&xonditioning andransport for varying capacitiyom Tool 1(2012)

Figure7 shows the CAPEX of offshore pipeline with distance is not a straight line and that is because
of optimization of pipeline diameter and inlet pressures atledistance. The inlet pressure to the
pipeline was changed to optimize the cost of pipeline. ARREX line of direct shipping, towards higher
distances, the line slopes upwards slightly due to increase in number of ships.
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Offshore pipeline with smaller capacities shows a lower CAPEX than pipe with large flow rates.
The main contributor tofCAPEX in such case is the conditioning CAPEX and pipeline CAPEX. The
conditioning costs increasestwiflow rate, and with the target pressure needed after conditioning.
Pipeline with large capacities require large conditioning equipment and more matknial
construction and therefore they would have a CAPEX.

FromFigure?, it can also be noted that CAPEX difference is significant in offshore pipeline for
different flow rates than in shipping transport. The reason for that lies within the conditioning of CO
before the export via pipe or ship. For ship export, the; @€eds to e conditioned and pressure
needs to increase from 1 baflpressure of captured GPto 7 bam (ship transport pressure). This
process will require smaller equipment and therefore lower costs of conditioning. For pipeline export,
the CQ pressure needs todopumped to 150 bar from 1 bar, as a result, large conditioning equipment
isrequired with hicker walls and therefore increasthe cost significantly.

450
400
350 —i— Shipping - 1
MTPA
300
- Shipping - 4
2 e MTPA
X
IF:I_J Shipping - 1C
6 200 MTPA
¥ : : : : : : : : : 3
150
100
50

0 100 200 300 400 500 600 700 800 900 1000
Distance (km)

Figure8: CAPEX of G@ansport (incl. conditioning) for varying capaegiby shigrom Tool 1(2012)

Figure8 shows the change in CAPEX of ttahsport at different distances and capacities by
ship. For a capacity of MITPA the line is straight due to the possibility of using a single ship of the
same size throughout the different distances (this is the cost optimal solution suggest@éddbyl
(2012). For a capacity of MITPA there are step changes between 200 and 300 kilometers, 500 and
600 km, and 800 and 900 km. These changes correspond t@eharsizes of ship and number of
ships being used for transport. At 200 km, a single ship of 21828 used while at 300 km a single
ship of 30555 rhsize is used. From 500 km to 600 km, a single ship of 305&5used and then 2
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ships of 21825 riscost optimal Table5 corresponds to number of ships and sizes of ships being used
to transport AMTPA

1,000
900
800
700
600
500

400

Variable OPEX @0

300

200

100

Table5: Ship size and number sffipsin Tool 1(2012)used to transport MTPAof CQ

Ship size (M)

21825
21825
30555
30555
30555
21825
21825
21825
30555
30555

0 100 200 300 400 500 600 700 800 900 1000
Distance (km)

Number of
ships
1

NNNNNPFPERFPPEPPRE

@ Offshore Pipeline - 1

MTPA

® Offshore Pipeline - 4
MTPA

® Offshore Pipeline - 10
MTPA

—a— Ship - 1 MTPA
—— Ship - 4 MTPA

——a— Ship - 10 MTPA

Figure9: Variable OPEX for et@ansport (incl. conditioning) for varying capacities by pipe or fsbip Tool 1(2012

Figure9 shows a constant variable OPEX for offshore pipeline case because the transport of
CQthrough pipeline does not consume any fuel or electricity and thus it does not have variable OPEX.
The main contribution is solelydim conditioning of COThe greatethe amount of C@captured, the
higher the conditioning costs and higher the variable OPEX (depending on electricity consumption and
cooling water consumption). The linear trend of variable OPEX with distanceftra@€port by ship
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is caused by the imease in fuel cost. Large amount of Q@nsported requires larger ships and
several number of ships which results in increase in fuel cost.

Figurel0 shows total discounted costs of pipelingansport compared to ship transpoifor
varying capacities and distance, where the offshore pipedlmawvs dinear increase in total costs as
pipe length increases from 100 km to 1000 Kntrease in total costs for ship trarmapis at a slower
rate than increase in total costs for pipeline.

3,000
.
2,500 -
B @ Offshore Pipeline - 1
= : MTPA
= 2,000 e Offshore Pipeline - 4
@ MTPA
@ ® Offshore Pipeline - 10
© 1,500 MTPA
° —4— Ship - 1 MTPA
a
Z 1,000 —&— Ship - 4 MTPA
—A— Ship - 10 MTPA
500

0 100 200 300 400 500 600 700 800 900 1000
Distance (km)

FigurelO: Total discountedcosts for Cetransport (incl conditioning) for varying capacitiéem Tool 1(2012)
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Figurell: CQtransport cost (incl. conditiong) for varying capacitifsom Tool 1(2012)
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FigurellFigurell illustrates the C@transport cost ine per tcoz ransporedWhich depends on
the net present value (NPV) of costs and discounted volurR¥. il calculated as sum of discounted
cash flow that adds all the CER and OPEX while considering the real discount ratetr&@port
cost is lower for larger flow rategigurell can beused to identify low cost option for tresport
based on the transport distance. IMTPAis being transported, for distances bel®®0 km offshore
pipeline is a cheaper option and abo3@0 km it is better to use ship transport. For transporting 4
MTPA distances belowB10 km should use offsherpipeline while greater thaB10 km should use
ship transport. For transporting MM TPA distances below @D km should use offshore pipeline
while greater than @0 km should use ship transport.

Figurel2 shows that br low transport volume, C&transport through offshore pipeline emits
lessGreenhouse gas5HG than ship and as the distance increases the difference betweétGG
emissions from both transport options approaches z&ar. medium transport volume (e.gMTPA
the difference inGHG emissionsetween offshore pipeline transport and direct shipping is about 1
million tonne of C@where shipping releases higher ensss than pipeline. At high flow rates of 10
MTPA and above, the difference between GHG emissions fiertwio transport options is between
2 million tonne to 3 million tonne of GOThe main reason for shipping transport releasing more
GHG than pipelinesidue to the heavy fuel oil consumption by ships and conditioning unit.

14.00
12.00
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& 0.00 ® Offshore Pipeline - 1
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o}
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© 400 Ship - 10 MTPA
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0.00

0 100 200 300 400 500 600 700 800 900 1000
Distance (km)

Figurel2: GHG emissions for @@nsport (incl. conditioning) for varying capacitfesm Tool 1(2012)

Figurel3 shows a linear relationship between the distance and the fuel consumption for the
overall transport process by shighich is an important parameter to determine fuel cdshear trend
of fuel consumption also means that the fuel cost for these flow rates will be linear and will follow a
similar pattern toFigurel3. Amount of fuelconsumed by sp CQ transport depends on the number
of ships useghe sizeof each ship and the speed the ship is travelling-atger shipshighernumber
of shipsor ships travelling at higher speedsll consume more amount of & compared to smallera
smallernumber of shps or slow speed of travefromFigurel3, it shows thato transport 1 MPA a
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single ship of size 21825*must have beemsed throughout the distance from 1@®000km. In this
case the fuel consumption only depeztion the distance travelled. For flow rates of 4 andMOPA
the steeper liner is due to changes in ship size (cost optimal shiis gizen byfool 1 (2012)and the
number of ships required to transport € a certain distance
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60000
- _
E 50000 @ Ship transport
C 1 MTPA
2 40000
g- Ship transport
2 30000 s
S
: .
< 20000 -
3 10 MTPA
T

10000 ...... ‘ ....... ‘ ....... ‘ ------ ‘

..... ...... .. ...... ’n
0 $ - @t o
0 200 400 600 800 1000

Distance (km)

Figurel3: Fuel consumption by ship with varying travel distance (obtained Timoh1 (2012)

When the stanehlone concept was rsimulated inTool 1 (201Y, some differences were seen
in CAPEX and OPEX calculated by the Foglire14 shows thetotal discounted cost®f offshore
pipeline transport of 1 MTPA of g@hcluding conditioning CAPEX) calculated by both versiohsabf
1. It can be seen thatool 1(2012) gives bwer total costthanTool 1(2017)at all distances, however
as distancébetween capture site and storage site increases, dbstsdifference from the two tools
increases (from 26 to 310dYL. Tool 1(2017) shows higher costs due to an updated pipeline cost model
used in the tool instead of an aggregated CAPEX us&ddh1(2012). The updated pipeline cost
model considers the labor cost, ROW and miscellaneous cost as a function of pipakmsions

Figurel5shows the difference in total discounted costs of.@@nsport via offshore pipeline
when the flow rate is 10 MTPAool 1(2012) still shows Bwer costthan Tool 1(2017), however the
difference in totakosts results between the two tools significantly increases as the distance increases.
From 100 km to 1000 km, theost differences between Tool 1(2012) andTool 1(2017) for
transporting 10 MTPA of Gcreases from 60 to 1400V The reason for such a large difference is
the same thatTool 1(2017) uses an updated version of pipeline cost model that considers several
factors, and as flow rate increases these factors impact the costs resulting ire alifiegence.

When directshipping cost resulterere assessed by both versionsTol 1, the resultswere
different compared to offshore pipeline transport. For low flow rate of (€@.1 MTPA)Tool 1(2012)
showed a higher total discounted cost thafiool 1(2017) This can bseen inFigurel6. The main
reason for that iFTool 1(2012) ha only three ship sizes available for the user to select (21825, 30555
and 3928 ). When 21825 rhof ship is used to transport 1 MTPA, the ship would either be half
empty in each of its journey or it would finish transporting 1 MTPA in the middle of the year if it was
to transport up to full capacity. On the other hafithol 1(2017) allows user to st ships of smaller
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sizes to transport 1 MTPA ensuring that fulpaeity of ship is used throughout each cycle and
therefore lowers the transport CAPEX and OPEX significantly.
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B Total discounted costs from Tool 1 (2012) m Total discounted costs from Tool 1 (2017)

Figurel4: Comparison of total discounted costslaVITPA Alternative #1of business cagédor offshore pipeline frorTool
1(2012) andTool 1(2017)
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Figurel5: Comparison of total discounted costsIOfMTPA Alternative #1 of business cgder offshore pipeline fronTool
1(2012) androol 1(2017)
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Figurel7: Total discounted costs 0OMTPA Alternativel ofbusiness cagdor direct shipping frorfool 1(2012) androol
1(2017)
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At large flow rates of C@e.g. 10 MTPA), the difference in total discounted costs between the
two tools are withirt50 Me @ ¢ KA & O Figlreky.$n skoR, &tyhighiflgwrates theotal costs
of direct shipping given by the two version Bdol 1are almost similar and the differences can be
neglected sce they only account for less thare® of costs. The reasdhat Tool 1(2017) showed
similar total costs for direct shippings Tod 1 (2012)is because of large sizes of ships needed to
transport 10 MTPA.
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B Total GHG emissions for offshore pipeline from Tool 1 (2012) (1 MTPA)

m Total GHG emissions for offshore pipeline from Tool 1 (2017) (1 MTPA)
Total GHG emissions for offshore pipeline from Tool 1 (2012) (10 MTPA)
Total GHG emissions for offshore pipeline from Tool 1 (2017) (10 MTPA)

Figurel8 Comparison of total GHG emissions for offshore pipeline viitiiLA and 10 MTPA obtained frdmol 1 2012
andTool 1(2017)

Moving on from ost assessment, carbon footprint assessment results for offshore pipeline
and directshipping were also obtained from both versionslobl 1 Figurel8 shows GHG emissions
from offshore pipeline transport (includinconditioning) for MTPA and 10 MTPA using both tools.
At low flow rate of C@ it can be seen thatool 1(2012) gives slightly higher emission thBemol 1
(2017). The same can be said for 10 MTPA of Tl reason foifool 1(2012) showing higher
emissions is due to outdad climate impact factors (Global Warming Potential factors) used in the
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tool. Tool 1(2017) have climate impact factors updated to 2016 levels and therefore shows a lower
emission than previous version of the tool.

4.4.1.2 Alternative#2A: Plugin NCSNorwayc Offshore pipeline vs direct shipping @)
Shipping transport (MP vs LP)

CAPEX

0.8

0.6
GHG Emissions OPEX

0.4 7
' — Direct shipping
Offshore pipeline

CO2 avoided cost NPV of costs

CO2 transport cost

Figurel9: Results of multicriteria analysis Tool 1 (2012)f offshorepipeline anddirect shipping transport (L) a
projectconnected to NCS, Norway (Alternative #2A of busines} case

Figurel9 shows a radar chart that is used to compey performance indicatorKp) of
offshore pipelinewith KPI of direct spping. It can be interpreted as thfellowing; direct shipping
CAPEX @round 20% of CAPEX of offshore pipeline,@@ided costs, C@ransport costs and NPV
of costs for direct shipping are ab % of KPIs of offshore pipeline. OPEX which includéstemance,
labor, insurance and variable utilities required foansport is higher for direct shipping than for
offshore pipeline transpa (offshore pipe OPEX is arou68 % of OPEX of direct shippin@HG
emissions from the construction and operatioh shipping export i90 % of GHG emissions from
pipeline transportOverall according téigurel9, in order to transport and stor€Q from North of
Franceo a locationin the NCSdirect shipping is a more economical option g@red to pipeline. The
possible reason for that could be that the distancéwren Northern Francend the storage location
is greater than 1000 km, and at large distances the pipe material costs, labor costs and miscellaneous
costs are significantly highcompared to having a few ships transporting.®@@ck and forth.
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Figure20: Comparison oAlternative £2A cost results frofiool 1(2012) and Tool 1(2017)

The breakdown of cost components falternative #2A that make up théotal discounted
lifetime costs can be seen kigure20. In direct shipping scenaridpol 1(2012) gives slightly higher
costs thanTool 1(2017) however the biggest difference in costs can be seen in offshore pipeline
scenariobetween the two versions of the toollool 1(2012) gives lowers investment costs and
therefore the total discounted costs of offshore pipeline giveiTbygl 1(2012) is ahost300 M 2 6 S NJ
than what is given ifool 1(2017). The large difference in pijped costs comes from updated pipeline
cost methodology used ifiool 1(2017) compared td ool 1 (2012)Anotherpoint to note here is that
Tool 1(2012) used two ships of 228 n? size for direct shipping whil€ool 1(2017) used two ships
of 7500 ni size. Tis explains whylool 1(2012) gave higher CAPEX and OPEX for direct shipping
compared toTool 1(2017).

If CQ from North of Frances transported to a hub iWestern Coasof Norway via ship
between harbor scenario, results fronool 2in Figure21 shows that low pressure transport option is
economical compared to medium pressure. The total costs of transport for each optiiguire21
shows the dominating compent of costs are liquefaction fuel coshig CAPEX and ship OPEX. Costs
of liquefaction decreases when transport pressure is increased froma&tbd5 baa due to lower
energy required for refrigeration in the latter. MP transport also leads to highigrcosts due to ships
requiring storage ad facilities that would need thick walls to hold £ 15bara. The detailed costs
from Tool 2can be found iMablel8 and Tablel9 on page33 and84.

A point to note for MP transport is that there is a size restriction on the giigsto the
maximum diameter the tanks can have for a specific design presBbnedargest ship available for MP
ship transport of C8s 10000 m. However,Tool 2usesa ship size of 20000%(can be seen iifable
18 andTable19) which currently does not exist but maybe in the future might be a possibility.
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Figure21: Alternative#2A analysigresults fromTool 2for shipping transpor{MP vs LP)

Although LP transport is more economical than MP transport accordifigab2results, the
GHG emissions released by construction and operation eft@@sport system is higher for LP
transport mainy due to liquefaction (conditioning) unit. LP system requires more energy for the
refrigeration part of liquefaction unit and hence moedectricity is consumed which release Z&
higher amount of C&because the tool usesectricity generation from natural gasympared toMP
liquefaction system. Fronfrigure22it can be seen that the shipping to an offshore site releas#s 5
more emissions compared to shipping between harbors whichddoelldue to fuel consumption and
construction of unloading facilities at storage site.
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4.4.1.3 Alternative#2B: Project connected tdCS Shipping between harbors (MP vs LP)

The simulations foalternative #2Bf the business cassas an inTool 2and Tool 1(2017) to
obtain results for shipping between harbors. These data are presenteahile6 for LP transport. The
results fromboth of thesimulation tools were comparkto each other.

Conditioning CAPEX is almost twmds higher given byool 1(2017) compared taool 2
according toTable6. A possible reason for such differenceconditioning costs is thafool 2 uses
conditioning costs summarized from several literature wHiteol 1(2017) ugs a combination of
ASPEN Process Economic Analyzer software and liter@woingitioning variable OPEX of 8.44 pér
year was given byool 1(2017) which was about 1% lower than variable OPEX frdmol 2due to
the tool calculating higher electrical consumption by the conditioning unit theal 1 (2017)

Storage and loading CAPEX froool 1(2017)for shippirg between harbors is 13 dwhich
is almost two times higher than CAPEX calculateddoy 2 The reasoris Tool 1(2017)assuma
storage size is 2% larger than the ship size and assumes a larger unitary storage CAPEX of 1038
€201dmM3, while Tool 2has asumed storage size to 120 % greater than ship size and storage unitary
CAPEX at55€¢/m?3. As stated imable6, ship CAPEX frofool 1(2017)is reported asaround41 Me
(20.5Me per ship of size 750@4) whild Tool 2shows that ship CAPEX is 5 (dach ship of size
8000 toxc0sts28.4 Me). The reason folool 1(2017)showing a lower ship CAPEX is thard S &- Wb i K
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ofal AYRQ o0bhY0 024G YSGK2R2f23@ F2N) GKS ahdSOKy 2 f 2
hence CAPEX of shiigdow. Tool 2gives ahighership CAPEX due to regression analyses of several
ship CAPEX data from literature which was a mix of NOKVahdo™NH & Y RQ o6 ChYo O2aid RI

Table6: Comparison of resultsif LP shipping betwedrarbors(Alternative#2B) usingTool 2and Tool 1(2017)

Low Pressure shipping between Tool 1 Tool 2
harbors (2017) (2018)
/| 2YRAGAZ2YAY3 [ 1 t9. 41.32 23.08
O2yRAGAZ2YAY3I FTAESR 2.27 231
/| 2YRAGAZ2YAY T @I NRI O 8.44 9.89
Temporary Costorage & loading CAPEX 13.08 751
0aey

'!'emporaiy Q@storgge & loading OPEX 059 0.34
oaekeSI ND

Ship CAPE& a € 0 40.66 56.82
{ KALI ht 9 OaeKeuv 2.78 2.84
{ KAL) FdzSt O2ail 6ack 2.32 3.98
Harbor feeso a € K € 0 2.18 2.75
{G§2NF3S |YyR dzyf 2} RA 13.08 7.51
{G2Nr 3S FyR dzyf 2l RA 0.59 0.34
Reconditioning CAPEXa € 0 1.95 0.99
Reconditioning OPEX a €)k & 0.47 0.39
NPV gf costs';)r Total discounted lifetime 319 421
costso a € U

CQC¢ NI yaLR2 Ndprad@ed G O0€1 299 394

Ship fuel cospresented inTool 2for this simulationrcame out to bealmost double of fuel cost
from Tool 1(2017).A possible gplanation of that iSool 2uses LNG as fuel for the ships and assumes
a greatemumber of trips per ship compared fmol 1, as well agool 2uses a slightly larger ship size
based on availability (800@d) resulting in more fuel consumption and fumst For storage and
unloading CAPEX, the reasonTool 1(2017) showing almost twice the result frofool 2is the same
as for storage anahding mentioned earlier.

Overall the totaldiscountedlifetime costs(seen inTable6) from Tool 2were about 100 M
higher than Tool 1(2017).Tool 1 (2012)showed a low lifetime costsmainly due to NOK cost
methodologythat results in lower investment costs for technology which will happen sometime in the
future. Currently CCS is not ymtmmercialized and matured so the investments costs are higher than
what is usedn Tool 1 (2012) It cannot be said which tool gives accurate results since the results
obtained from these tools have not been compared to successful CCS projects. ThHesedanade
based on studies performed by various CCS organization, CCS arpertsmpanies.
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Similarlyto LP ship transportgosts for MP transporfrom simulationsin the studiedtools
were comparedand are presented in more detai® page86 and93.

4.4.1.4 Alternative#3: plugin project in Netherlands Offshore pipeline vs shipping
between harbors (LP)

CAPEX
1

0.8

0,6

GHG OPEX
Emission;

0.4

0.2 — Shipping between harbors
0 Offshore pipeline

CO2 avoide NPV of costs
cost
CO2
Figure23: Results of multicriteria analysis Tiool 1(2012) of pipeline and shipping offshore transport (LP)
to Netherlands

Figure23shows a radar chart to compare KPI of offshore pipelink i1 ofhipping between
harborsfor third alternative of the business casdt can be interpreted as the followingoffshore
pipelineCAPEX around 8®@of CAPEX shipping between harbor€Q avoided costs, C@ransport
costs and NPV (net preseviilue) of costs for offshore pipeline are all arou8%% of these KPIs of
shippingbetween harbors OPEX which includes maintenance, labauyiance and variable utilities
required for conditioning is higher fahipping between harborthan for offshorepipeline transport
(offshore pipe OPEX is arouBd % of OPEX of shipping). GHG emissions from the construction and
operation of pipeline expa is 40 % of GHG emissions from shippibgtween harbors Overall
according toFigure23, in order to transport and stor€Q from north of Franceto Netherlands,
offshore pipeline export is a more economical option compared to shippigigveen ports The
possible reason for thasthat the distance betweehorthern Francend the storagedcation is about
200 km, and at short distances the pipe material costs, lalbstscand miscellaneous costs are
significantilower compared tocosts ofhaving a few ships transporting &éack and forth.
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Figure24: Comparisorof Alternative #3cost results fronTool 1 2012 and Tool 1 2017)

When the cost results from both versionsdol 1were compared (refer td-igure24), the
largest difference in costs were seen for shipping betbabors scenarioTool 1(2012) used two
ships of 21825 fwhile Tool 1 2017) used two ships of 4800°size, which explains the reason why
CAPEX and OPEX of shipping between harbors in earlier verdiooldEis higher than the latest
version.Tooll (2017) has many more ship sizes available for user to select making it easier for user to
optimize the use of ship and reduce costs of shipping transport. Similgigtoe20, in Figure24
offshore pipeline costs froritool 1(2012) are lower than pipeline costs frohool 1(2017) for the
same reason of upated pipeline cost model being used in the latter.

4.5 Keyfindingsfrom Chapter 4

45.1 Pipeline vs Shipping

In general:

1 When omparing direct shipping to offshore pipeline, as the distance between source;of CO
capture and storage location increases, there is a linear increase in pipeline CAPEX whilst the
CAPEX of shipping transpattanges very little over the 1000 km distaneedo the same
number of ships being used to transport £LO

1 Lowflow ratesof CQ transportresult inlow offshore pipeline CAPEXe to small diameters
of pipeline.As pipeline length increases to match distance between capture site and storage
site, the pipeline diameter needs to be larger to match the appropriate pressure drop,
resulting in steepincrease in CAPEX with distance.

1 Highflow ratesshow highpipeline CAPEX ardsteepincreasein CAPEX with distancigh
flow rates of C@transport requirelarger pipelines which are costlier than pipeline for low
flow rates.

1 Highflow ratesshowhigher shipping CAPEX compared to smaller flow rates mainly due to
size and cost of temporary storage andlomard reconditioning facilities.
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4.5.2

4.5.3

For a flow rate of 1 NIPA of C@at distances belo®00km, offshore pipeline option is more
economical ompared to direct shipping.

For higher flow ratesuch asl0 MTPA, at distance below 450 km, offshore pipeline is more
economical. In short, for larger distances, direlsipping is a better option economically
compared to offshore pipeline and vice versa

CQ unit transport cost is higher fdow flow rates of C@due to lower abatement potential

of the transport system and it is lower fdrigh flow rates due tolarge amaunt of CQ
emissions avoided according to lfgcle assessment of the transport ®rs.

Forhighflow rates, direct shipping emits more GHG than pipeline and for small flow rates
the difference in GHG emissions between offshore pipeline and direct slgipphegligible.

For plugging in project connected to N@A&lternative #2B of busess casg it is more
economical to choose direct shipping transport option because of lower costs compared to
pipeline. This is due to shipping transport being cheapeldge distances than pipeline
despite it having similar carbon footprint as pipeli

For plugging in project in Netherlands (Alternative éBbusiness casepffshore pipeline
transport option is more costffectivethan shipping between harbors andsalhas lower
carbon footprint

MP vs LP Shipping

According toTool 2 MP shipping between harbors and MP direct shipping are less
economical compared to their LP counterpat®wever MP shipping releases lower GHG
emissions than LP shipping over thetiifee of the project.This is due to the fact the
liquefactionenergy requirement is highén LP than MP.

If the electricity generated for liquefaction processcoming from renewablsourcesthen

the GHG erissions of LP ship transpocan potentiallybe lower than MP ship transport.

An important point to note is thiathere are size restrictions on MP ships up to 10060 m
Tool 2uses MP Isips of sizes beyond 10000 fmased on theoretical study which might not
be feasible in pract&

Comparison of tools

Tool 1(2012) shows lower cost results comparedTimool 2because it assumes a Nibf-a-

kind cost methodology, assuming that the technology is mature, therefore the investment
costs are low.

Tool 1(2012) shows lower pipeline CAPEX thaol 1(2017) due to an outdated pipeline
cost model used in the earlier rg@onof Tool 1 This has since been replaced by an improved
pipeline cost model resulting in higher pipeline CAPEX givEoah1(2017).

Tool 1 2012) shows higher ship CAPEX (and thus higher total shipping costJjotblah
(2017) due to limited shipizes available in the earlier versionTdol 1 Tool 1(2017) allows
user to select their own ship size which can be sized to optimized shipping costs.

Carbon footprint evaluation frorool 1(2012) gives emissions of transport systems that are
slightly higher than emissions calculated Byol 1(2017) due to outdated climate impact
factors used in the former version of the tool.

Tool 1(2012) cannot be used for MP shipping transport assessment due to less flexibility of
input parameters.

Tool 2givesdatafor MP and LP transport, however it does not consider size restrictions on
MP ships, so the ship size suggested bgl 2might not be feasible.
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5 Reuse of existing pipeline
5.1 Introduction to Rausingexisting pipeline infrastructutgusiness case

Re-usingexisting infrastructuror CQ transport and injection could potentially be cost
effective optionas well as providg environmental benefs. However,it comes with its challenges
such as availalily and status of infrastructurelimitation with capady and location of C&sources
from the infrastructureetc. Other challenges include the lack of standards in place for reuse of
infrastructure and lack of legislation on transport of property/liéapil

This business case watidied byTotal E&P NorgR&Dwhere the company requestedn
external environmental consultancy agenand a research organization based in Nont@provide
an overview of the potential of reusin@il and Gasd&Q infrastructure in the North Sea for GO
transportand injection to quantify the economic and environmental benefits ofuse case as well
as identifying the R&D gaps and challenges withsiag infrastructure.

Thestudyinvestigatedwo cases, the first one re-use of 21Z&m Pipe Acase and the second
isre-use of670 kmPipe B

5.2 Objectives

The objectives of this wordan be summarized as follows

1 To map the infrastructure in the North Sea that can be potentiallysed for C@transport
and injection

T To map and evaluatpotential CQinjection reservoirsn the NCS

To define several rase cases by matching the infrastructure and reservoirs identified above

1 To perform techneeconomic and environmental assessmentstioaidentified reuse cases
of O&G infrastructure and compare it with new built cases for transpbCQ.

1 Toidentify and quantify the potential benefits of reusing existing infrastructure compared to
new built cases.

1 To compare techno-economic and environmentaassessmentesults obtainedby both
versions of Tool 1.

=

It should be noted that thistady is a pure R&D study withe objective of investigating potential
benefits of reuse of existing systems for €@ansport and injection. It doesot have any objectives
of defining real business cases.
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5.3 Pipe ACase

5.3.1 Case description

Pipe Ais an «isting offshore pipeline infrastructune the North Seaperating since 2003
with 212 km length an@0-inch outer diameter. This pipeline can transporom than 20 MTPA of
CQ however such quantities of G@re not availablén the vicinity othe pipeine. There is a potential
of capturing 5 MTPA of G@earentrance of Pipe Avith a possibility of receiving G®om other pars
of the region to transpdrat full capacity of pipelineRipe Awas evaluated throughfour subcases
which are shown ifrigure25. Each subcase was simulated ool 1(2012) Each subcase assumes an
onshore storage upstream of pipeline transport.

Pipe A Case

-

|

capacity- 20 MTPA

|| Reuse pipeline at fulﬂ

s

|

New-built fitted
pipeline 20 MTPA

|

-

Reuse pipeline Iimiteoﬂ

New-built fitted

flow rate-5 MTPA
pipeline-5 MTPA }

5.3.2 Methods

Figure25: Pipe A subcases

For each subcase evaluated undpe Acase, a simple transport system was designed, an
the input parameters were set intbool 1(2012). The design of the transport system of the subcases
of Pipe Aare illustrated inFigure26 with detailed parameters that were set ifool 1 (2012)n Table
7. For each subcase, gfressure is assumed to be brought up to 80 bara downstream the onshore
storage before the pipeline transport. This pressure is taken as the system boundary for all the

subcases.

For subcase 1, 2hd 4, the outlet pressure is the wellhead pressure thaswalculated based

on the storage reservoir. For these subcases additional pumping was required. For case 3, the outlet

pressure was selected based on the boundary pressure of 80 bar and the prdsspy therefor for
this subcase no additional pumping sveequired.
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Table7: Detailed desigparameters of Pipe A subcases

Reuse pipeline  New built Fitted Reuse pipeline

Characteristics full capacitc 20  pipeline 20 Limited flow '\'ie‘é"lig:;"; Eﬁ‘i
MTPA MTPA ratec 5MTPA PP

Onshore storage withindefined C@source

28.74 28.74 29.02 15.08
159 159 127 119
Systemboundary

.

PipelinePressure drop 50 50 5 90
(bar)

Inlet pressure of transport
system (bar)

Outlet pressure(bar) 50 50 75 50

100 100 80 140

o1

.3.3 Pipe ACaseResults& Discussion

Table8: Pipe Acase costesultsfrom Tool 1(2012)

Case l Case 2 Case 3 Case 4
Reuse pipeline full New buit- Fitted Reuse pipeline New buit- Fitted
Description capacityc 20 MTPA7  pipeline 20MTPA  Limited flow rate, 5 pipeline 5 MTPA 25
years 7 years MTPA 25 years years
¢c201 f O0z2ai o 31 515 22 297
¢c20Fr€t /1 t9- 8 491 5 262
¢c2d4Ff ht9o- o 24 24 17 35

/| 2abGkdzyAld o€ 0.3 5.0 0.4 5.6
280k yAGKE S 0.01 0.12 0.02 0.28
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Figure27: Split cost results fd?ipe Acase

Table8 shows the results fronTool 1(2012) obtained for each subcase ofuse ofPipe A
For the case of reise pipeline against new built pipeline operating at full capacity of 20 MTPA, reusing
Pipe Al @Sa nyn eaests dhkch ié drobirkl @4 cgst savings compared to new built case.
For the case of raisingPipe Aagainst new builfor a limited flow rate of 5 MTPA, 1eése case saves
HTpPp ae 2F fAFSOAY N oDdst shdngss BvkralisingPipeAltodrandport GRH
can potentially result in cost savings greater than%0compared to new built case and reduce
transport cost pertonby 4.Zp ®H € ® ¢ KS YI Ay 02y i NPipedaiagebliomi 2 (KS
Figure27 are pipeline CAPEX for case 2 and case 4 (new built caskg)ipeline OPEX for case 1 and
case 3 (reuse cases).

Table9 shows the lifetime emissions from thi&ipe Atransport system of GHG (converted to
CQ equivalent) for each subcase. New built options have higher lifetime emissions. The emissions are
dominated by GHG emissions from pipeline mateaistruction (refer taFigure28). Reuse ppeline
subcases have lower GHG emissions that are mainly generated during operation of pipelise dre
pipeline with ful capacity compared to new built allows avoidance of over 5e6:&if CQ equivalent
over the lifetime (reduction of emissions Bg %). Rause pipeline for limited flow rate compared to
new built reduces emissions by 88 (avoidance of 250 di.9. Overall, the new built case for full
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capacity (subcase 2 froable9) emits 043% of the total transported Mvame of CQover the lifetime
and emissions from rase @ses are almost negligible.

Table9: Pipe Acase emissions froffiool 1(2012)

Reuse pipeline full Newbuilt- Fitted Reusepipeline Limited New buit- Fitted
Description capacityc 20MTPA7  pipeline 20MTPA 7 Pip pipeline 5 MTPA 25

flow rate, 5 MI'PA 25 years
years years years

(ktc02)
(tcozdt co)

700

600

[
o
o

N
o
o

m Pipeline energy

m Pipeline material

GHG emissions (i, ¢)
w
o
o

200 Pumping energy
®m Pumping Material
100
0 — ||

Reuse pipelineNew build- FittedReuse pipelineNew build- Fitted
full capacityc 20 pipeline- 20 Limited flow ratepipeline- 5 Mtly,
Mtly, 7 years = Mtly, 7 years = ¢5 Mtly, 25 25 years
years

Case 1 Case 2 Case 3 Case 4

Figure28: GHG emissions froRipe Acase
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5.4 Pipe BCase

5.4.1 Case description

Pipe Bisan existing offshore pipeline starting fro®ermanyand ending ira storage area in
the NCSThe pipelinés600 kmlongandwith anouter diameter of 4@inch.This pigline has a capacity
to transport more than 20 MTPA of &n this case®und 16 MTPA of G@&assumed to beaptured
from anindustrial plant in Germangnd stored irNCS storage aredhree subcases f&ipe Bshown
in Figure29, were evaluated usingool 1(2012).

Pipe B case

(New built pipe to hub. R
— use of pipeline from hu
to storage- 16 MTPA

New-built pipeline to
storage- 16 MTPA

New-built pipe to hub.
Ship to storage 16 MTP

.

Figure29: Pipe Bsubcases

5.4.2 Methods

For each subcase evaluated undpe B casehe transport system wasimulated, and the
input parametersvere defined infool 1(2012). The design of the transport systefthe subcases
of Pipe Bare illustratedin Figure30. Thedetailed parameters that were set ifool 1 (2012pare
shown inTablel0. ThePipe Bsulcasesvere analyzed for 25 years projecteiime and 16 MTPA
flow rate of CQ A sensitivity analysis was performedRipe Bsubcases usingool 1(2012), where
the flow ratewas reduced from 16 MTPA to 1 MTR}Xerall design of transport for 1 MTP4Ape
B case, and the table of design parametaran be found in the Appendix page101 and page
102 of this report

More sensitivity analyss were performed where parameters shown kigure31 were varied
by some amant. The percentage change in lifetime costs and unit costRipé Bsubcases
compared to base case due to change in parameter values were recorded. The base case/central
case results for each subcase un&gre Bare presentedn Table23 (pagel02).
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Figure30: Overall design of transport systemRipe Bsubcags (a) subcase 1 (b) subcase 2 (ctasi 3 (top
bottom)

Tablel0: Detailed design parameters Bipe Bsubcases

New built pipeline
Characteristics to hub. Reuse hub

Pipeline to hub

New built pipeline b (onshore). Ship to

to storage storage storage
Germany
Distance by ship (km) 630
Ship size (t) 45374
Length of pipeline (km) 100, 600 700 70
Outer diameter (inch) 28 30 26
. . 28.74
Internal diameter (inch) 3874 27.87 24.76
Pipeline thickness (mm) 159 27 159
159
Pressure drop (bar) 40 130 25
System boundary pressure (bar 80
Inlet pressure of transport 9 180 105
system (bar)
Outlet pressure (bar) 50 50 80
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Figure31: Changes in parameters frome central case for sensitivity analysis of lifetime costs and unit cBgpeB
sulcases

5.4.3 Pipe B casResults & Discussion

Tablell: Pipe B subcasmst resultsrom Tool 1(2012)

_ 16 MTPA new ppeline to hub, re 16 MTPA new pipeline 16 MTPA pipeline to hub,
Descrlptlon use ofPipe Bto storage to storage ship to storage

¢c201t O2af 211 1657 1503
¢c2d4FKf /1t9 150 1545 567
¢c204Ff hto- 61 112 936
/| 2aGkdzy A 1.2 9.7 8.8

Cost/Unit/length

bekik] YV 0.02 0.15 0.13

Tablell shows the results fronTool 1(2012) obtained for each sulb®a of Pipe B For the
case of reuse pipeline (case 1) against new built pipeline to storage (case 2) transporting 16 MTPA,
reusingPipeBi I §Sa& modn . e 2F f AF SwdoxKvinQL Foiittie casdokis®ég A & | N
pipeline against shippinansport option (case 3), rdza S Ol 4S &l #S& mdo .e¢ 27F f
about 86% of cost savings. @@ansport by ship (&S o0 al dSa4 mpn ae 2F f ATFSI
new built offshore pipeline to storage (Case 2) (cost savings @6)L0veall re-using Pipe Bto
transport CQcan potentially result in cost savings between 85 an@®€ompared to nevbuilt case
and redwce transport cost pertonby 76y ®p € ® ¢ KS YI Ay 02y NPipedi 2 NE
subcases frontigure32 are offshore pipeline CAPEX for case 2 and 6REX for case 3.
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Figure32: Total split cost resultéor Pipe Bcase

Tablel2 shows the lifetime emissions from thipe Brransportsystem of GHG (converted to
CQ equivalent) for each subcase. New bpipeline (case X ashigher lifetime emissions dominated
by emisions fromoffshore pipeline material construction (refer t&igure33). Reuse pipeline
sulkcase have lower GHG emissions that are maioigingfrom construction of oshore pipeline in
case 1 Reuse ofPipe Bcompared to new builallows avoidance of ove? Mtcozeover the lifetime
(reduction of emissions b$7 %) and avoidance of .B Mtcoze cOmpared to shipping transport
(reduction of emissions by 95).New buit offshore pipeline to storage allows avoidance & Bltcoze
compared to ship transporDverallreuse ofPipe Bvas able taeduce emissions of transport byso
1.3 % per ton of C@according toTool 1 (2012falculationsand although shipping transport seems
more economical than new bdilpipeline, it emitsapproximatelytwo times more C®than the
pipeline.

Tablel2: Pipe Bcaseemissions

Case 1 Case 2 Case 3
16 MTPA new 16 MTPA new pipeline 16 MTPA pipeline to
Description pipeline to hub, re to storage hub, ship to storage
use ofPipe B

Total emissions (kt2) 303 2268 5609

0.08% 0.57% 1.40%
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Figure33: GHG emissions froRipe Bcasefrom Tool 1(2012)

WhenPipe Bsubcasesaresimulated inTool 1(2012)at a lower flowrate ofl MTPA, total costs
for subcase 1, reise ofPipe Bhas 32% lower costs than if the flow raie 16 MTPA. This is due to
smaller size of onshore pipe required to reach the hub from the capture site and no pumping
requirements before pipe export. Foine new buit pipeline (case 2), 1 MTPA flow rate restitt
decrease of total costs most 50% compaed to 16 MTPA flow rat due to smaller size of pipeline
selected for the former. Shipping transport (case 3) shows a decreasébyrdtal costs for 1 MTPA
flow rate as a result of smaller size ship amdalleronshore pipeline required in such a ca3ée
details are show inTablel3. Overallfor low flow rates re-use pipeline is still more economical than
new buit options and when new buipipelineis compare with the shiptransport, ship transport is
the preferred optionfrom cost point ofview.

Tablel3: Pipe Bcase for 1 MTPA cost results frd@imol 1(2012)

Case 1 Case 2 Case 3
. 1 MTPA new pipeline to hub, reise 1 MTPA new pipeline 1 MTPA pipeline to hub,
of Pipe Bto storage to storage ship to stoage
¢c2GFt Oz2al 144 873 412

82 811 262
62 62 150

[ 230Gk dzy A i 13.5 818 386
CostLITHEng 0.21 1.25 0.59
0eKUK] YD

The emission results for the lower flowrate of 1 MTPA are showralote14. Forcase 1 (reuse), for
1 MTPAthe emissions over lifetime of the transport systésrhalf of what is estimated for 16 MTPA
(Table12). For case 2 the lifetime emissions have reduced b§s78nd for case 3 #ne are reductions
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of 78%when the flowrate is decreased from 16 MTPA to 1 MTH&A1 MTPA flowrateship transport
is almost 93% efficient (emits 5% of C@that is being transported over the lifetime of the project)
while for 16 MTPA flowrate, shipansport is almost 99% efficient

Tablel4: Pipe Bcase got 1 MTPA emissidnem Tool 1(2012)

. 1 MTPA new pipeline to hub, reise of 1 MTPA new pipeline 1 MTPA pipeline to hub,
Pipe B to storage to storage ship to storage
Total emissions
154 680 1255
(ktcoz)
0.62% 2.72% 5.02%

Figure34andFigure35show the sensitivity analysis rd&iof unit transport and lifetime costs
for re-use ofPipe Bcase(subcase 1)Thetotal lifetime costs show the highest sensitivity for this case
to onshore pipeline lengtlgnshore pipeline unitary CAPEX atiek flowrate. For unit transport cost
the highest sensitivityRigure35) is to flow rate, onshore pipeline length, lifetime and onshore pipe
CAPEX.

Increasing thdéength of ashore pipeline from 108m to 125 km(+25%) led tcanincrease in
lifetime costsof 24 % accordig to Figure34 and decreasing the length from 100 km to 75 km reduced
the lifetime costs by 1%. The reason for such cige is tha at longer distancg a larger diameter
pipeline is suitable while for shorter disice smallerpipelines can be used. These would have an
impact on the lifetime costsincrease in onshore pipeline CAPEX by@Besulting in increase in
lifetime costs by 1246 and vice versa is also an obvious result. When the flow rate is increased from
16 MTPA to 20 MTPA (+2b change) the lifetime costs increase by%4due to larger flow rates
requiring larger diameter of pipeline which increases the lifetimsts. However, when the flow rate
isreduced to 12 MTPA, the reduction of lifetime costsrit/& %.

As flow rate decreases by 26, the unit transport cost increases by%7s econorosof scale
are reduced. A smaller sized pipe will be used for Idfleer rates that would reduce the total lifetime
costs that is now spread over a lower amoohtCQ. Increasing the onshore pipe length or increasing
onshore pipe unitary CAPEX both result in increase in unit transport costbyfd 16 respectively
due tothe increase irtotal lifetime costsfor the same amount of GO
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Distance (+25% onshore pipeline length) 1% e 24%
Ship Size (50 k and 30 k tonne)
Ship CAPEX (£25%)
Pipe OPEX (+25%) 7% I 7%
Offshore Pipe CAPEX (£25%)

Onshore Pipe CAPEX (:25%) [ I 7%

7%

Electricity price (£25%) 1]
Fuel price (+25%)
Discount rate (25%) 5% I %
Lifetime (+40%) % I 3%
Flow rate (+25%) 5% I 1%
-20% -10% 0% 10% 20% 30%

Difference in project lifetime costs compared to base case

= Decrease in parameter value (or 30000 t ship size) = Increase in parameter value (or 50000 t ship size)

Figure34: Sensitivities of lifetime costs ofusePipe Bsulcasel usingTool 1(2012)

Distance (25% onshore pipeline length) 0% Iy 23%
Ship Size (50 k and 30 k tonne)
Ship CAPEX (£25%)
Pipe OPEX (:25%) 7% I
Offshore Pipe CAPEX (£25%)
Onshore Pipe CAPEX (+25%) -17% [ e 17%
Electricity price (:25%) 1% J 0%

Fuel price (+25%)

Discount rate (:25%) 0% I I 0%
Lifeime (+40%) 5o I 15%
Flow rate (425%) 9% I N 27%

20%  -15%  -10% 5% 0% 5% 10% 15% 20% 25% 30%
Difference in unitary transport cost (EURM¢q; yranspores) COMpared to base case

mDecrease in parameter value (or 30000t ship) ®Increase in parameter values (or 50000 t ship)

Figure35: Sensitivities ofinit transportcosts of reusePipe Bsukcasel usingTool 1(2012)



Figure36andFigure37 show the sensitivity analysis results of unit transport and lifetime costs
for new buit offshore pipeline irPipe Bcase(subcase 2)Thetotal lifetime costs show the highest
sensitivity for this case toftshore pipeihe length(distance) offshore pipeline unitary CAPEX and
the flowrate. For unit transport cost the highest sensitiviigure37) is tooffshore pipeline length
(distance) offshore pipe CAPEMetime andflow rate.

Increasng the length of &shore pipeline fron¥00km to 875km (+25%) led toanincrease
in lifetime costof 31 % according téigure36 and decreasing the length fro@00km to 525km
reduced the lifetime costs ¥4 %. The reason fauch change is that at longer distances, a larger
diameter pipeline is suitable while for stter distances smallerpipelines can be used. Increase in
offshore pipeline CAPEX by Zbresuls in increase in lifetime costs &8 % and vice versa is also
anobvious result. When the flow rate is increased from 16 MTPA to 20 MTPA«(€Range) the
lifetime costs increase by824 due to larger flow rates requiring larger diameter of pipeline which
increases the lifetime costs. However, when the flow rate wasiced to 12 MTPA, the reduction
of lifetime costs is only %.

As flow rate decreases by 26 the unit transport cost increases bg % as econoras of scale
are reduced. A smaller sized pipe will be used for lower flow rates that would reduce the total
lifetime costswhichis now spread over a lower amount of £creasing the féshore pipe lagth
or increasing fishore pipe unitary CAPEX both resulaimincrease in unit transport cost (81 %
and23 % respectively due tthe increase in lifetime cds for the same amount of GO

Distance (+25%)  -24% D a1
Ship Size (50 k and 30 k tonne)
Ship CAPEX (+25%)
Pipe OPEX (+25%) -1% [l 1%
Offshore Pipe CAPEX (+25%) -23% I 3%
Onshore Pipe CAPEX (£25%)
Electricity price (#25%) 1% || 1%

Fuel price (£25%)

Discount rate (+25%) -3% [l 3%
Lifetime (£40%) 1% Wl 1%
Flow rate (+25%) T% I 13%
-30% -20% -10% 0% 10% 20% 30% 40%

Difference in lifetime costs compared to base case
Decrease in parameter value (or 30000t ship)
m Increase in parameter values (or 50000 t ship)

Figure36: Sensitivities of lifetime costs néwbuit pipeline optiorPipe Bsubcase 2 usingool 1(2012)
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Distance (£25%) -24% P 3%
Ship Size (50 k and 30 k tonne)
Ship CAPEX (£25%)
Pipe OPEX (+25%) 1% 1l 1%
Offshore Pipe CAPEX (£25%) -23% D 23%
Onshore Pipe CAPEX (£25%)
Electricity price (+25%) 1% || 1%

Fuel price (£25%)

Discount rate (+25%) -14% I 14%
Lifetime (+40%) 8% I 23%
Flow rate (+25%) -9% 23%

-30% -20% -10% 0% 10% 20% 30% 40%
Difference in unitary transport cost (Case 2) compared to base case

Decrease in parameter value {(or 30000t ship)
m Increase in parameter values (or 50000 t ship)

Figure37: Sensitivities ofinit transportcosts of newbuilpipeline optiorPipe Bsubcase 2isingTool 1(2012)

Figure38andFigure39show the sensitivity analysis results of unit transport and lifetime costs
for ship transport option ifPipe Bcase(subcase 3)The lifetime costs show the highest sensitivity
for this case to flow rate and discount rate. For unit transport cost the highest sensikigiyr¢
39) is to lifetime and shipping distance.

When the flow rate is increased froh® MTPA to 20 MTPA (+26 change) the lifetime costs
increase by 27 due to larger flow rates requiring larger size of shiptramsport CQ
consequentially increasing the lifetime costs. When the flow iateeduced to 12 MTPA, the
reduction of lifetimecosts is 24%6.Increasing theliscount rate from 86 to 10%(+25%)canlead
to a reductionin lifetime costs byl0 % accordig to Figure38 and decreasing thdiscount rate
from 8 to 6% can lead t@nincrease irthe lifetime ®sts byl3 %. The reason for such change is
that at higher discouhrates, the value of money decreases more than it would decrease for a
central case discount rate. This results in decrease in lifetime cdstewer discount rate than
base case would seilt in higher NV.

Ashorterlifetime (reducing the lifetime fron25 years to 15 year#d to a 9% increase innit
costdue to CAPEX being spread over less amount ef AlOnger lifetime (increase in lifetime
from 25 years to 25 yearid to a redudion in unit transportcostby 3%.Using a 30000c:02ship
size(compared to45374 tozship sizelincreases unitransport costby 8 %due toa greatemumber
of ships required to transport 16 MTIBACQ. Increase in shipping distance by%deads tdigher
unit transport cost due to higher lifetime dssspread over the same amount of £0
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Distance (£25% ship distance)
Distance (£25% onshore pipeline length)
Ship Size (50 k and 30 ktonne)
Ship CAPEX (+25%)

Pipe OPEX (+25%)

Offshore Pipe CAPEX (£25%)
Onshore Pipe CAPEX (#25%)
Electricity price (+25%)

Fuel price (#25%)

Discount rate (£25%)

Lifetime (£40%)

Flow rate (£25%)

-30%

m Decrease in parameter value (or 30000t ship size)

-3% N 7%

-2% Wl 2%
N 8% (30 000 t ship )
3% (50 000 t ship)
-8% I 1%

-1% Bl 1%
-5% N 5%
-3% N 3%
-10% I 13%

-12% I 59
-24% I P 2 7%
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Difference in lifetime costs compared to base case

mincrease in parameter value (or 50000 t ship size)

Figure38: Sensitivities of lifetime cost$ shipping transporoption Pipe Bsubcase 3 usingool 1(2012)

Distance (¥25% ship distance)

Distance (+25% onshore pipeline length)

Ship Size (50 k and 30 k tonne)

Ship CAPEX (£25%)

Pipe OPEX (+25%)
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Onshore Pipe CAPEX (+25%)

Electricity price (+25%)

Fuel price (£25%)

Discount rate (#25%)

Lifetime (+40%)

Flow rate (+25%)
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Difference in unitary transport cost compard to base case

= Decrease in parameter value (or 30000 t ship size)
mincrease in parameter value (or 50000 t ship size)

Figure39: Sensitivities ofinit transportcosts of shippingption Pipe Bsubcase 3 usingool 1(2012
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5.5 Tool 1 2012 version vd ool 1 2017) version

In this section guick comparison was made between results obtained from the older version
of Tool 1referred to as Tool 1 (2012and the new version of Tool 1, referred to as Tool 1 (2017), for
CQOINF yaLR NI OKIAya-diaSl @ T6 SHER 410 AWEINILAZBf WS Q LINR 2
.Q 2LISNFGISR o6& |/ 2YLI ye linkhat 5 arbihd 670 khghg and ity | { dzNJ- f
GNF yaLRNI&a 3JFa FNRBY b2NIK {d&IS ®F BES a/ihWwEHA LB \LIBI |
use of Pipe B was assessed to transport &@ compared against netailt offshore pipeline and
shipping transportBoth versions of Tool 1 iahe same parameters defined in the input sheet and
the results were compared.

Figure40 shows the lifetime costs obtained from the two tools. For case -Ligeeof Pipe B),
Tool 1 (2012) gave 211eM lifedime costswhilst Tool 1 (2017) showed 14 % higher lifetime costs
resulting at 241 M. The difference comes from fixed annual OPEX batvlee versions. OPEX in Tool
1 (2017) was taken as 1.5 % of CAPEX per year while in Tool 1 (2012) it was aRénCAPEX per
year. In this case there was no CAPEX since the pipeline infrastructure already existed, user factor
section of parameters sheat pipeline module was then used where resulting CAPEX of pipeline was
set as zero, therefore Tool 1 (2012)daTool 1 (2017) calculated annual OPEX as a percentage of
SAGAYIFGSR /1t9. o tA33IAy3d 02404 F2NIsSEhshduld y 3 LI L
be noted here that fixed OPEX in Tool 1 (2012) is independent of the pipe diameter and réraains
same for pipes of different sizes. However, in Tool 1 (2017), fixed OPEX of pipe changed with changing
pipeline diameter.
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Figure40: Pipe B case comparison between Tool 1 (2012) and Tool 1 (2017)
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For case 2 (new built offshe pipeline), Tool 1 (2017) showed 23 % higher lifetime costs than
Tool 1 (2012) due to differences in unitary CAPEX and fixed OPEX of pifpsicbaige in CAPEX
between the tools was due tdool 1 (2017) using an improved cost model for its pipelinaionkd
from Knoope et al(Knoope, Guijt, Ramirez, & Faaij, 2DMhere RightOfWay, onshoreoffshore
landfall, lalor cost, material cost and miscellaneous costs are taken into account for CAPEX. Offshore
pipe CAPEX andfixadt 9 - Ay ¢22f M OHAMTU leMByear,whilpinToelk A y OK k
M OHAMHUO Al A& 71 makm/geare KAYOKK]Y YR Tccp

Case 3 (shippintransport) showed that the difference in lifetimes costs between the two
versions is less than 2 %. Theredaot been any updates in cost model for shipping transport in Tool
1 (2017).
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Figure4l: Pipe B case emissions compan from Tool 1 (2012) and Tool 1 (2017)

Figure41 shows the lifetime emissions fromhe transport system over the 2gear time
duration that is presented in both togl Case 1 (rase of Pipe B) showed emissions from Tool 1 (2017)
are 13 % lower than Tool 1 (2012) due to the difference in climate impact factors used in the analysis
between the two tools. Tool 1 (2012) used a higher fixed OPEX climate impact fa@dd5@f
kgeco2dUSDoozand for a riser pipeline it was 1.157d¢gdUSDoo2 (data obtained from Economic Input
Output LCA Carnegie Mellon tool) . Tool 1 (2017) used updéitedte impact factors (updated to
2016 levels) and fixed OPEX impact factor as 0.624#&4SDoo> A similar result was noted for case
2 (newbuilt offshorepipeline).

For case 3 (shipping transporBigure4l shows 12 % lower eissions reported by Tool 1
(2017) compared to Tool 1 (2012).The reason for the difference atsTool 1 (2012) used heavy
fuel oil for reconditioning of COon-board and therefore used climate impact factor of 3.564
Kgco2dUSDoo2 while Tool 1 (2017) esl Liquefied Natural Gas (LNG) as fuel for reconditioning which
has a lower climate impact famt of 2.75 kgo2dUSDoo2
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5.6

Key findings from Chapter 5

Reuseof existing pipelinesan result insignificantcost savings compared to nevuilt.
Within this study it has been shown that a cost saving of980% for a relatively short
distances(approximately 200 km) and a cost saving of aroune@@3% for a longer
distance (600 km) can be achieved when-aise is compared to aew-built case.

It has been showmnce more that for long distance transport, ship transport is more
economical than @ipeline transport if the pipeline is to be newly built. Howeveruse

of an existing pipeline is still the most economic option.

Both Tool 1 (2012) and Tool 1 (20W&re able to simulate the transport systems studied
within this chapter, however Todl (2017) gave a more reliable estimate due to updated
cost levels, updated pipeline cost models and updated climate impact factors using in the
tool.

The tools gave a ga indication and decent estimation of economic and environmental
benefits of reuseof existing pipelines compared to newiilt options.

Reuse of infrastructure can prove to be beneficial economically emdronmentally, if
challenges and technical hurdles are overcome such as availability of structure, location
of CQ sources nearby and state of the infrastructure to sagpCQ transport.

67



6 Effects of pipeline dimensions oasts of C®

transport
6.1 Business casabjective

The objective here was tstudy the effect of varying pipeline dimensions on the transport
cost and lifetime emissions in an offshore,@@nsport scenario.

6.2 Materials & Methods

For the techneeconomic and environmental assessment of this business tasé1(2017)
version of tle simulation tool was used. The dimensions of the offshore pipelireeinvestigatel
were definedby CQtransportsub-project lead,at Total E&P Norgas follows

Transport type: Offshore pipeline
Lengthof pipeline: 125 km
OperationalLifetime: 25 years

CQ Flow rate 1.5 MTPA
Well-head pressure 80 bar

Real discount rate: 8%

Pump inlet pressure: 15 ba

Pump efficiency: 75%

Electricity cost: 55.5e/MWh

Two subcases were investigated as part of the business case.
6.2.1 Subcase 1Pipeline diameter

The pipeline diameters investigated were. 2®inch and 127/5-inch OD Schematic diagram
of the transport gstem for both pipelines can be seen kigure42. Resultsfrom Tool 1 (2017)
transport simulation modulevere recorded and compared centrifugal pump is placed before the
pipeline to increase the pressure of incoming@®m 15bar to a desired pipeline pressure. A quick
estimation d pump costs was conducted where the pump requirements and costs were calculated
based on a formula obtained fromicCollum and Ogden (206&)Energy required by pump is a
function of maximum flowratghrough the pump, pressure drop across pump, pump e&fficy and
density of C@

23 (McCollum & Ogden, 2006)
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Figure42: Schematic diagram for 10.75 and 12i@bh pipeline case

6.2.2 Subcase 2Wall thickness

For this casetwo pipeline diametes of 10.75-inchor 1275-inchOD were selected. The wall
thickness was variedyl®50 %for each caseThe simulations were run ifool 1(2017) in which the
pressure drops were calculated according to the pipeline dimensions ensuring that the outlet pressure
matches the wellhead pressure 80 bar.80 bar outlet pressure was chosem énsure dense phase
in the pipeline.The effect of wall thickness on @@nsport costand emissionsvascalculated

6.3 Results& Discussion
6.3.1 Subcase 1: Pipeline diameter

The cost and emissiaesultsfor the two pipe sizes are shownTrablel5. The efficiency iffablel5,
is the total emissions of G@quivalent oer the lifetime of transport project over the total amount
of CQtransported in that time period.

Tablel5: Summary ofechnoeconomic and environmental assessment results for comparison between two different
pipelinediameterg4,25

Total Total TOTAL

Pipeline eIy Fixed variable Discounted ALl T.O ta.“ Efficiency
. CAPEX o cost Emissions
h5 0o (Me 0 OPEX OPEX lifetime (€ Kedi ) (Ktcoze) (%)
(Me 0 (Me O cost(Me 0 B coze
10.75 116 40 9 128 8.0 64 0.17
12.75 131 45 7 143 9.0 72 0.19

24 All costs are given igvois
25 Detailked breakdwn of costs is attached in thePPENDIX
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Figure43: Visual representation of cost comparison between two pipelines of different diameters

If the 1Q75-inch pipeline is taken as a baseline scenario, when the pipeline diameter is
increased by onsize up the total lifetime costs increases byagd ™ p Figueed3dlustrates the
cost components that make up the total lifetime costs of each calee larger pipeline has 1%
higher lifetime costs compared to the smaller pipelifiéis is due to larggipeline requiringmore
material for construction (2% higher material cost) and thus higher labor cost for constructiofo(19
higher) According td=igure43, the lifetime costs are dominated by pipeline CAPEX and Qittexe
pipeline CAPEX is anfttion of material, labor, onshoreffshore landfall and miscellaneous costs. A
12.75inch pipeline compared to a Ib-inch pipeline would require more material and hencestco
more in terms of labor. Emissions for construction and operation of a largdinepis around 1546
higher thanthe smallerpipeline.

In both pipeline case, the pump size and CAPEX were estimated to be slightly different from
each other due to the chaye in pressure drop across the pump. Pressure drop across the pump is
directly prgportional to the energy required by the pump. The smaller pipeline needed higher energy
to pump CQ@from 15 bar to 125 bars compared to the larger pipeline, therefore the ginmcosts
were high. Since the flowrate studied in this section is very low, pcwsfs are quite small compared
to overall transport cost

Larger pipelines have higher pipeline CAPEX and therefore higher OPEX (which is a set 1.5 %
of CAPEX per year) whiis why overall 12.7ch pipeline has higher total discounted lifetime costs
as seen irFigure43.
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6.3.2

Subcase 2: Wall thickness

The impact of wall thickness on totadst and GHG emissions have been investigated for two
pipeline sizesisingTool 1(2017)and summarized ifablel6 below.

Forthe smallerpipeline (1075-inch OD)as shown irTable16, when the wall thickness is

increased by 506 compared to the base case, the total lifetime cost increases by aiftostd mm a €
(refer to Figure44). On the othehand,when the wall thickness is halvedmpared tothe base case,
lifetime cost reduces b§ % § a € f 2 thé&hdde Gakd). YFor the I5-inch pipeline, when the
wall thickness is increasdy 50% the lifetine cost only increasdy 5%. When the wall thickness
decreasedy 50% compared to the base case, costs decrease%y 6
Tablel6: Summary of techreconomic and environmental assessment resultsdoying wall thickness of peline$é
. Total T_o &l Tc_)tal .TOTAL CQ transport Total .
Plpellne' 'WaII CAPEX Fixed variable D|§cqunted cost Emissions Efficiency
h5 o thickness (Me 0 OPEX OPEX lifetime (€ ediraspore)  (Kiconed (%)
(Me 6 (Me 0 cost(Me 0 R coze
1075 B3¢ 116 40 9 128 8.0 64 017
case
10.75 +50% 126 43 9 139 8.7 74 0.20
10.75 -50% 109 37 8 120 75 57 0.15
1275  B3e 431 45 7 143 9.0 72 0.19
case
12.75 +50% 138 47 7 151 9.5 80 0.21
12.75 -50% 123 42 7 134 8.4 64 0.17

The lifetimeemissions for the pipelines (I&-inch and 1275-inch) when the wall thickness

is increased by®% is 18% and 126 higher than the base case respectively. The emissions are 11%

lower than the base case when the wall thickness is reduced By ts bothpipeline size.
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Figure44: Visual representation of costmparison between pipelingith +50% thickness

26 Fyrther details of each ofe cases are shown APPENDIX
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6.4 Key findings from Chapter 6

1  For the case ahcreasing pipeline diametdrom 10.75 inch to 12.75 incfi25km pipeline)
can increase the lifetime costs by %2 (15 M) , unit transport cost by &/t coz,ranpored @aNd
life-cycle emissions by 28 (~8 kiozd.

1 For 10.75 and 12.7ch pipeline, varying wall thickness #0% has very limited benefit on
costs ofpipeline.
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7  Summary& ldentification of gaps imool 1for
techno-economic and environmental assesnt
of CQ transport chain

In order to qualify current available tools on techaoconomic and environmental assessment
of CCS related projects, and doantify the potential benefits of those activities, several cases were
simulated in the tools and theosts and carbon footprint results were compared. Three main themes
of the report represented the three main tasks of the thesis: Assessment of MPsveRsship
transport, reuse of infrastructure for G@ansport and effects of pipeline dimensions on tsosf CQ
transport.

The fourth chapter covered techreconomic and environmental assessmentaobbusiness
case from North of Francehich highlightedassesment of shipping option at different transport
pressures (LP and MP). The purpose of this chapasrto determine a costptimal transport option
for the concepts studied aslausiness cas®neof the key findingssthat at longe distances, shigpg
transport is a more economical optipimowever it emits more GHG than pipeline transptrerefore
a solution is required to reduce the emissions from shipgerall the mostimportant message from
this chapteris that LP ship option is more cesffective comparedo MP shipbased on calculations
from techneeconomic and environmental assessment tools

The fifth chapter covered the topic of1esing infrastructure for CQransport, whereTool 1
was used to assess different cases which includagseesand newbuiloptions. The costs and carbon
footprint of all the cases were compared with each otheconclude that raising infrastructure can
lead to over 8@ cost savingdor specific casegindsignificantemission reductioacompared to new
built cases. Parameter sensitivity analysis was performed to identify the key parameters that lifetime
and wnit transport costs are most sensitive.t@hese parametersiere identified to be flowrate,
pipeline lengthor shippingdistance and project duration.

The sixth chapter covered a brief assessment of @@Dsport by pipeline by varying the
pipeline diameer and the pipe wall thickness, in order to understand by how mupipeline
dimensions, affect the lifetimeostsand emissions.

After a detailed analysis dfoth versions of Tool Xor the purpose of techn@conomic and
environmental assessment of C@&ted projects and possible business cases some gaps Trotie
1 (2012)were identified.Tool 1(2012) had severassues that were addressed and improved ool
1(2017) such as:

1 Flexibility in choosing ship sizes and user specific ship characteristic

1 Flexibility in choosinguffer storagetank size and number obuffer storageganks
1 Visibility of cost split opipe CAPEX and improved cost model for pipelines.

1 Updates in cost levels.

The gaps ifool 1 (2017)hat have not been addressed are thaldwing:

1 The tool is not able to assess costs for multiple ships of different sizes.
1 The tool does not have the optiof estimating costs for conditioning of ppeessurized CO
(i.e.the tool does not allow user to change inlet conditioning parameters).
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The number of compressions stages for conditioning before export are fixed and cannot be
changed.

The tool cannot beised to estimate costs for G&treams containing impurities.

Different transport pressures (7 tmand 15 baa) for shippingare not avalable in the ship
transport module.

The toolusesNth-of-a-kind cost methodology and not Firsf-a-kind (investmentcosts are
lower than what they actually are currently)
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Siggested way forward

More techneeconomic and environmental assessments showddchrried outof pipeline
dimensions and its effects on total lifetime costs. (i.e. consider evaluating larger sized
pipeline of different lengths and thickness)

The new version ofool 1(2017)should be assessed like th®ol 1(2012) to analyze the
effect of improvements that were made blye research organization based in Norvaayd

to further identifymore gaps in he new version of the tool.

Techneeconomic and environmental assessment should be performed over the whole CCS
chain to understand the iportance of C@transport costs in the overall chain costs.
Suggest the possibility and urgencyirtegrating transport module for GQvith impurities
and module for ship transport at different pressure ifitool 1 (2017).

Address the gaps iffool 1 (201Y mentioned in the previousectionto the research
organization that developed itp see the posbility of improvements.

Assess the environmental impact assessment modulEoof 1by simulating several cases
with already known results for comparisorhi§ should be done to identify the strengths
and weaknesses of GHG assessment modul®olf 1 (207).

Evaluate if improvements in th&ool 1 (2017would be more beneficial compared to
developing an internal tool, that can be developed based on what dinepany would like

to see.

Investigate and assess the benefits oftward CQ capture in reducing emissions from
shipping transporfor long distances. In addition, evaluate the possibility of integrating on
board capture technology intdool 1 (2017).
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9 Conclsions

Three techneeconomic and environmental assessment tools were evaluated by comparing
the results of case simulations, which represented ongoing R&D activities and potential business
cases. The tools wefkool 1(2012),Tool 1(2017) andlool2.

OverallTod 1is a comprehensive techreconomic and environmental assessment tool,
which allows user to simulate components of CCS chain based on their specific characthristics.
providestechnical results such as utilities consumption and breakdofosts intoCAPEX and OPEX,
as well as breakdown of emissions related to construction and operation of transport sysiéras.
tool isadequateto be used on its own and it has a u$eendly interface. In terms of results obtained
from Tool 1 when canparing it wit Tool 2 the difference in costs were within acceptable rangjey
%). Currently there are several gaps identified in the,teath as the tool is not able to assebfps
transport at different pressures and it cannot be used to assessi@ams containing impuritiesn |
summary if these gaps are addressed thefool 1 (2017would be sufficient for assessing £0
transport systems from R&D perspectivéis tool wouldbe competitive to other available tools.

Tool 2mainly focuseon shipping transport costs anaeésnot include environmental impact
assessment. The toolvgs theuser less flexibility in selectirdifferent parameters and placing user
specific charactestics for ships. Although all the data that the tool ss®edevelop techneeconomic
modelsare visible to the user, the tool always disptaesults or options thatre costoptimal. In
summary,Tool 2is aless develope@nd more rigid version dfool 1.

Through the assessments that were performedTiopl 1 (2012), Tool 1 (2017) and Toah2
following key findings can be concluded:

I Tool 1(2017) has had improvements been made comparetiaol 1(2012) version of the tool
and itclearly gives betteestimates of cost assessment results.

1 Tool 1(2017) is a sufficient tool for economic and environmental assessment of R&D projects
covering all types of pipeline and ship transpewven though it came further improved.

1 Tool 2has limited sizes of shipanited flow rates and limited transport options thtte user
canselect, compared td ool 1(2017). The tool can be used to assess flow rates between 0.5
and 10 MTPA and only looks at strgmspott with very brief calculation of booster pump with
offshore pipeline compared tdool 1 (2017}hat coves shipping between harbors, direct
shipping, offshore and onshore pipe.

1 These tool®nlyprovide acostestimateas an indicator of areas for potentizost optimization
and cannot be used to determine exawosts of CCS developments.

1 At shorter distances, pipeline is more economical compared to ship, however at large
distances despite being a ceaffective option, shipping emitiarge amount CQ over the
lifetime of the projectwhich needs to be addresde

1  When comparing MP and LP ghiansport, LP liquefaction costs are greater due to higher
energy requirement by refrigeration unit, however overall MP shipping infrastructure such as
storages and ships are expensive. This results in LP shipping ligiily shore economical
than MP slpping option.

76



Reuse of infrastructure for CQransport can result ipotential cost savings by 8086 higher

and over 8%% emissions reduction compared to new boiptions for the specific business
casesstudied in thereport.

Reuse of infrastructue can be beneficial if challenges such as its availability and location of it
from CQ capture and Cgstorage locatiorare overcome.

Pipe length, pipe unitary CAPEX, flow rate and lifetime have significant impact omdiéetsts

for re-use infrastructue and new builpipeline case.

For shiptransport, flowrate, discount rate and distance have a significant impact on the
lifetime costs.

For a specific pipeline transport case, it is shown that changing the pipelin@tiamight
have a significant ingct on total lifetime cost, while varying the wall thicknesstb@ % has
very limited benefit
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Appendices

Theenclosed ppendices are split intfour sections (A td)
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APPENDIX A: Chapter 3 material

Tablel7: Tool 2storage assumptions

CAPEX pekbzof

Transport pressure storage capacity OPEX%CAPEX/year)

(Elt cod
Low P 516 5
Medium P 795 5
High P 3073 5
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Costs (M 0

250

200
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206

165

47
30 28
21 21 15
14 13
11 11 7 6 II 6 7 II 11
L] L] m- - .

Conditioning Conditioning Conditioning Storage and Storage and  Ship CAPEX Shlp OPEX Ship fuel cost Harbour fees Unloading and Unloadlng and Net present
CAPEX fixed OPEX variable OPEXLoading CAPEXoading OPEX reconditioning reconditioning Value (Total

CAPEX OPEX cost)
E Tool 1 (2012) results ® Tool 2 results

Figure45: Conditioning and shipping an offshore sitérom Tool 1 (2012and Tool 2for 0.5 MTPA, 600 km antDyears
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APPENDIX B: Chapter 4 Material

Tablel8: Detailed cost esults ofAlternative#2A analysis using ool 2for shipping between harbors MP vs LP

Transport pressure type ship between harbors LP ship between harbors MP
Distance (km) 1100 1100
Flow rate MTPA 1 1
Lifetime (years) 15 15
Suggested SHIP sized) 20000 20000
Numberof ships 1 1
LiguefactionCAPEX a € 0 2211 17.19
LiquefactionOPEX a € 0 3316 25.79
[ AljdzSFI OGA2Y ¥ 14215 11329
Temporary C@storageCAPEX

0t 2+ RAYI0 Oacu 14.07 2168
Temporary C@storageOPEX

6t 2+ RAy3Jooaco 10.55 16.26
LoadingCAPEX a € U 1.56 1.56
LoadingOPEX a € 0 0.70 0.70
ShipCAPEX a € 0 45.88 92,57
ShipOPEX a € 0 34.41 69.43
{ KAL) ¥dz85t 0O2ai 16.34 16.34
| F ND2NJ FSS dac 12.64 12.64
UnloadingCAPEX a € 0 1.56 1.56
UnloadingOPEX a € 0 0.70 0.70
Temporary C@storageCAPEX

odzyt 2+ RAY3I0 6a 14.07 21.68
Tempoiary CQ storageOPEX

6dzyt 2t RAY3I0 6 a 10.55 16.26
GasificationCAPEX a € 0 0.95 0.88
GasificationOPEX0 a € 0 5.63 5.35
¢c2GFt /2al0 oac 367.05 43391
CO¢ N¥ yaLR2 N O2 24.47 2893
transported)

Aol 23976 19107
liquefaction (tco)

CQ emissions from ship o) 8886 8886
CQemissions TOTALA) 32862 27993
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Tablel9: Detailed cost results élternative#2A analysis usingool 2 for shipping to an offshore site MP vs LP

Transport pressure
Distance (km)

Flow rate MTPA
Lifetime (years)
Suggested SHIP sized)
Number of ships

LiguefactionCAPEX a € 0
LiquefactionOPEX a € 0
[ AljdzSFI OGA2Y
Temporary C@stgrageCAPEX
of 21 RAy 30
Temporary C@stgrageOPEX
of 2 RAy306
LoadingCAPEX a € 0
LoadingOPEX a € 0
ShipCAPEX a € 0
ShipOPEX a € 0
{ KAL) FdzSt O
| F ND2NJ FSS
UnloadingCAPEX a € 0
UnloadingOPEX a € 0
Temporary C@storageCAPEX
odzyf 2F RAy 33U
Tempaary CQ storageOPEX
odzyf 2F RAYy 33U
GasificationCAPEX a € 0
GasificationOPEX0 a € U
¢c2aGrt /2ai
CQ Transport cost
o] €cé§,t£lnsportec)

CQ emissions from
liquefaction (tco)

CQ emissions from ship @o)
CQemissions TOTALA)

ship to anoffshore site LP

1100
1
15
20000

2211
33.16
14215
14.07

10.55

1.56
0.70
45.88
3441
17.18
6.32
18.62
13.97
0.00

0.00
4.92
10.11

37572
25.05

23 976

9 340
33316

ship to an offshore site MP

1100
1
15
20000

17.19
25.79
11329
21.68

16.26

1.56
0.70
92.57
69.43
17.18
6.32
18.62
13.97
0.00

0.00
4.92
9.85

42934
28.62

19 107

9 340
28447
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9 Technical/Economic details:
o Distance of 1000 km
0 2 ships of size 750Q4:
o Transpating CQ from North of Franceo Western Coast of Norway
o 1 MTPA, 8% discount rate and y@&ars project lifetime
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Table20: LP ship transpd comparison off ool 1(2017)& Tool 2results

Tool Tool 1
Cost component 2 (2017) Reason

result  result

unitary CAPEX
Tool 1 (20176z 31 E/(tcoz,conditioneéyl’)
Tool 2 A 195 E/(t mz,conditionedyl’)

I The scale factors of equipment costs we

higherin Tool 1 (20173ompared toTool

L 2.
gzr;dg(o?c;??_p f  Tool 1 (2017used 85% capacity b
2308 41.32% conditioningunit (meaning 1176 MTPAis

fransport the capacity of conditioning while the

actual conditioned volume isMITPA.
Tool 2used 100% conditioning capacity
(of LMTPA

I Tool 2uses liquefaction CAPEX that has
been summarized from list of liquefactiol
CAPEX values from literature.

(Me)

¢ KS O2YRAGAZ2YA Yode® L9 AAA D29 @ENT SRRe 12 HAMP 9! wh dzidey 3

WNB AR dNB KA LI GNY YALR2 NI ¢ P28
¢22f

V4

ii

m O&é i h

GKS AyFtlLGA2y NIXdGS 2F n
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Conditioning 1 Tool 2gives fixed OPEX as 10 % CAPEX/ye:
el 231 2278 T Tool 1(2017) gives fixed OPEX as 6 %

(Me /yr)

CAPEXl/year
(uses process overnight factor of 1.09)

1 Tool 2 uses LNG fuel to provide electrical
Conditioning energy tothe liquefaction unit
VeEnselE=l 9.89 844 Tool 1 (2017) tool used electricity pmwer
(Me /yr) the conditioning unit and cooling water for
the heat exchangers.

28 Conditioning CABX fromiTool 1 2017 toolia o cpPdTmM ae | yR LINRPOS&aa 20SNYyAIKG FI Ol 2 Ndnudyd Therebst pdonvereed CA E SR
G2 Hwnmdp 9!w @Gl tdzS o6& YdAf GALX @Ay I OBe Mmdannan o6ndam: 2@SNIff AyFElLadAzyo (2 EISu H
29The cooling water utility coséi n @Ry Rk §t SOGNAOAGE A& cpPH eka?2 KOoowhAn®Rmodge GKFG GKS I NAIF0fS hi
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Storage &
CELIW RS 7.51 | 13.08*°
(Me)

Storage &
Loading Fixed
OPEX

(Melyr)

034 059"

30 Actual Storage and loading CAPEX iM H ®qsA Ma &b /1310 a €
31 Storage and loading OPEX .BMMe2016yr A 0.59 Me201dyr

= =

f

= =

Electrical consumption is lower for Tool 1
(2017) than Tool 2.
Tool 1 (2017)112 KWh/to2

Tool 2 104.2 kWh/toz

Tool 2assumes that storage size is%0
higher than the ship size. The ship size
selected was 800Q:02(around 6900 If)
The unitary storage CAPEX Taol 2 455
EUR/n?.

Loading CAPEX58 EURKo>

Tool 1 (2017jool assumes storage siie
25% greater than ship size of 6516 m
(7500 t).Unitary storage CAPEXLi338
EURndm 3. Loading CAPEX63

EURu1dt co2

Tool 1 (2017)uses the same 6 % as OPEX.
Tool 2uses storage fixed OPEX3% of
storage CAPEX and loading fixed OPEX as
of loading CAPEX.
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1 Tool 2compiled ship CAPEX for various
ship sizes from many sources and a
regression analysis curve was made.
Based on that each ship 00@0 tcozsize is
28.4 Meoo19(some literature considered
CANRG 2F I {AYyR WC
while others considered Ntbf a kind cost
methodology)

1 Tool 1 (2017ship CAPEX for 7506b%

(2 ships) ship size is 18 Me/ship. Tool 1(2017)

uses Nthof-a-Kind cost methdology

which assumes that the technology usec
is matured. The CAPEX for small size sl
are found by performing regression
analysis.

56.82 40.66%

1 Tool 2gives ship fixed OPEX a%%f Ship
Ship Fixed CAPEX.
OPEX 2.84 2788 9 Tool 1 (2017Yyives fixedDPEX that is-3
(Me lyr) % of the CAPEX.

32 Original Ship CAPEX for two ships of 7508 A 1T S Ay ¢22f sheAHMNdMcHBY ahed 0 PNy ace
BILKALI FAESR ht 9. 3A DS yudyd AH @R Bofdgr anShip fixadhOPBX WAl Be the dame foravi® and LP case.
34Formua used to calculate Ship annual fixed OPEX= [0.0846*(Ship siZ&3t*%f (0.98386)



I Tool 2 since 800Qcozship size was used
due to the limitation of the tool, the fuel
consumption of a ship of this capacity is
slightly higher than of a ship of 7506b%

Ship fuel cost 398 230 size. Bel consumption (LNG) was found
(Melyr) : : for different ship sizes by linear regressi
analysis of fuel consumptions values fro

literature.

1 Tool 1 (2017usesthe same unitary fuel
consumption provided by a case study

i Tool 2 Harborfees per round trip was
found for different ship sizes by linear
regression analysis of harbor fees from
literature. Tool 2calculates that the total
number of trips needed by 2 ships of 80!

275 2.86% tcozsize is125.

1 Tool 1 (2017}xalculates the total numdr
of trips as139. Tool 2 reportwas used to
obtain unitary harbor fees for 2 ships of
size 7500402

Harbor fees
(Melyr)

35 Ship fuel cost is 23 Me2o1dyrA 2.32 Meoondyr
36 Formula for calculation unitary fuel consutigm (te/tcoZkm) = ¢ 4.55421x16%) x (Ship size in+ (7.1694x10°)
1 F ND2NJ FSSa Ay (KSudfrAHS yiohdaFA Sy A4 HDPTp ac
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I Tool 2assumes that storage size is%0
higher than the ship size. The ship size
selected was8000tcoz(around 6900 If)
The unitary storage CAPEX Taol 2 455

Storage and e/m®. :

unloading 751 1308 Unloading CAPEX58 €/t coz )

CAPEXMe) 1 Tool 1 (2017pssumes storage siie25%

greater than ship size of 6510°7500 t).

Unitary storage CAPEXILi382¢/m3,

Unloading CAPEX63 €/t co2

1 Tool 1 (2017uses6 Y%as storage fixed
OPBE>and unloading fixed OPEX as 2 %.

Storage and

unloadin
Fixed OP?EX 034 059° ¢ Tool 2uses storage fixed OPEX &% Bf

(Melyr) storage CAPEX and unloading fixed OP
as 3% ofunloading CAPEX.

38 Actual Storage andnloading CAPEXi M H ®@eA, MDD 1319 a €
39 Storage andinloadingfixed OPEX i6® p T 2018yEA N © p Chordgr €
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<<

Reconditioning
CAPEXMe)

Reconditioning
OPEX
(Melyr)

Fo16 A MIPYP ook &

ht 9-

0.99

0.39

MOy T
2husfr ACR2@nf oo EOHAMT O Ad ndnp ac

1.95%

0474

a €

Tool 2has onshore reconditioning unitan
capex as @9 ¢/t coopossibly due to lower
equipment cost for reonditioning (e.g.
pump costs)

Tool 1 (2017used bottomup approach
to find reconditioning CAPEX to increast
the pressure of C£o 200 bar or desired
pressure.

Tool 2has onshore reconditioning unitan
OPEX®039¢/t copwhich includes
electricity costs. The electricity unitary
price is 9G&/MWh.

Tool 1 (2017seselectricity price of 80
€/MWh and cooling water cost of.04
e/m?.

92



aSRAdZY t NBAAAINB oat 0 {KILS LW yesl 2
OmrT 0 YR ¢22f H

Table21: MP ship transport comparison @dbol 1(2017)& Tool 2

Cost T el

(2017)

component  result
result

unitary CAPEX
0 Tool 1l (20177 24 €/(tcoz conditionefyr)
o Tool 2A 17.2  €/(tcoz conditionefyr)
1 The scale factors of equipment costsed in Tool 1
(2017)were higher compared tdool 2.
1 Tool 1 (2017)sed 85% capacity on conditionin
(meaning 1176 MTPAIs the capacity of caditioning
while the actual conditioned volume iSMTPA. Tool
17.95 32% 2 uses 10®% conditioning capacity (ofMITPA
I Tool 2 uses liquefacgbn CAPEX that has be¢
summarized from list of liquefaction CAPEX val
from literature.

Conditioning
CAPEX for MP
transport

(Me)

2¢KS O2YyRAGAZ2YAYode® L9 A AA D2y PENG SRe 12 Hamdp 9! wh dameAy3d GKS AyFElLiAz2y NIGS 2F n
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Conditioning

FixedOPEX
(Melyr)

43 Conditioning CAPEX frofivol 1 (2017js 30T p 2a6¢ YR LINP OS a4 20SNYyAIKG FILOG2NI A& MOndPWAUDT CAd@ER ht 9. T
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1
Conditioning T
VEUELERelRS 7.88 6.90%
(Melyr) T
1
Storage &
LIS 10.68 18.26%
(Me) !

4 Thecooling water utility costi n ®finy Rk §t SOG NK OA i &
45 Actual Storage and loading CAPEX iM T ®qsp, My €D H ®19 a €

Tool 2uses LNG fuel to provide electrical enel
to the liquefaction unit

Tool 1 (2017used electricity to power the uni
and cooling water for the heat exchangers.
Electricity consumption is lower fgiool 1 (2017)
than Tool 2

(Tool 1 (2017):76.5 KWh/tco, Tool 2 831
kWh/tcoa

Tool 2assumes that storage size is Z0higher
than the ship size. The ship size selected !
8000tco2(around 6900 r¥)

The unitary storage CAPEX Taol 2 900e/m 3.
Loading CAPEX58 ¢/t co.

Tool 1 (2017)assumes storage size is 25
greater than ship s&zof 6510 M (7500 t).Unitary
storage CAPEX1i600¢/m 3. Loading CAPEX63

€ltcoz

Ad cp®PH ekaz? Ko rush & Dipnded el KI



Storage &
Loading Fixed
OPEX
(Melyr)

050 0.87¢

Ship CAPEX
(Me)

11818 87.33"

46 Storage and loading OPEXis @ 2aeyr A N ®y To01d9r €
47 Original Ship CAPEX for two ships of 7200 A 1 S Ay ¢22f

1

Tool 1 (2017usesb %as storage fixe@PEXand
loading fixed OPEX as 2 % of loading CAPEX
Tool 2uses storage fixed OPEX &% ®f storage
CAPEX and loading fixed OPEX%s 8f loading
CAPEX.

Tool 2compiled ship CAPEX for various ship s
from many sources and a regression anal
curve was made. Bad on that each ship of 80C
tcoz size is 5M9 Meis (SOme literature
O2yaARSNBR CANBG 27F |
while others considered Ntiof a kind cost
methodology)

Tool 1 (2017ship CAPEX for 750ébtship size is
38.5 Me/ship. Tool 1 (2017uses Nthof-a-Kind
cost methodology which assumes that tl
technology used is matured. The CAPEX for s
size ships are found by performing regress
analysis.

M6 AOYHTNAMOTEIe ahed Yy 0o dhn  a €
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Ship Fixed
OPEX
(Melyr)

Ship fuel cost
(Melyr)

“8Ship fixed OPEX giveBb ¢ 22f M 0 HaadWTAM DX dpordgrec T

591

3.98

2.78%

2.32%°

Tool 2gives ship fixed OPEX & %f Ship CAPE
Tool 1 (2017yives fixed OPEX that %6 of the
CAPEX?

Tool 2 since 800G cozship size was usediie to
the limitation of the tool, the fuel consumptiol
of a ship of this capacity is slightly higher than
a ship of 7500do2size. Fuel consumption (LN
was found for different ship sizes by line
regression analysis of fuel consumptions val
from literature.

Tool 1 (2017)use unitary fuel consumptiol
provided by a case stud#

ae€

49 Formula used tealculate Ship annual fixed OPEX= 0.0846*(Ship sizg%#1°

S0f KAL) FdzSt

012yBAH DAOZbordIR H O

a e

®1 Formula for calculation unitary fuel consutigm (te/ tcozkm) =-4.55421x16*(Ship size in §)+7.16974x16
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52Harbor fees given byZT2 f

M

Harbor fees
(Melyr)

275 2.86%

O H N MdIdyr A M Dy HedtamEe

T

ae€

Tool 2 Harbor fees per round trip was found f
different ship sizes by linear regression analy
of harbor fees from literatureTool 2calculates
that the total number of trips needed by 2 shij
of 8000 tozsize is125.

Tool 1 (2017¢alailates the total numbr of trips
as139. Tool 2report was used to obtain unitar
harbor fees for 2 ships of size 75004
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Storage and
unloading 1068 1826 ¢
CAPEXMe)

1
Storage and
unloading n
Fixed OPEX o | O
(Melyr)
T
Reconditioning 5
CAPEXMe) 092 196 q

53 Actual Storage and loading CAPEX iMm T ®qspy, My €D H £19 a €
54 Storage and loading OPEX @8 1 2018y A N Dy Too10gr €

Tool 2assumes that storage size is 2Dhigher
than the ship size. The ship size selected !
8000tco2(around 6900 r¥)

The unitary storage CAPEX Taol 2 900e/m 2.
Loadinq CAPEX58¢/t co2

Tool 1 (2017)assumes storage size is 25
greater than ship size of 6517500 t).Unitary
storage CAPEX1i600e/m 3. Loading CAPEX63
Eltcor

Tool 1 (2017uses6 %as storage fixe@PEXand
loading fixed OPEX as 2 % of loadingEXAP
Tool 2uses storage fixed OPEX &% ®f storage
CAPEX and loading fixed OPEX%s 8f loading
CAPEX.

Tool 2has onshore reconditioning unitary cape
as 092 e/t coppossibly due to lower equipment
cost forreconditioning (e.g. pump costs)

Tool 1 (2017used bottomup approach to find
reconditioning CAPEX to increase the pressur
of CQto 200 bar or desired pressure.

Recondii/ Ay3 /! t9:- o0& ¢22f MuchmPdmieakd IAGSYy a4 modyy ac
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1 Tool 2has onshore reconditioning unitary GR
as 039 ¢/t coswhich includes electricity costs.
OPEX 037 0.446 The electricity unitary price is SGMWh.
(Melyr) 1 Tool 1 (2017yse electricity price of 88/MWh
and cooling water cost of.04 e/m3.

Reconditioning

%6 TotalreconditioningOPEXincluded reconditioning fixed OPEX and electricity cost due to consumption during reconditfommg)ool 1 (2017)sn ® n modgr & 0.44
a eodyr (Cost sfit is annual fixed OPEX of reconditioning is 6%daipLd / ! t 9 - LISNJ & S| Bk @KNEO Kt KBA B &S Oiidwh O Aall &ed @R Y & dzY LG A 2
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APPENDIX C: Chapter 5 Material

|— ________________________________________ ]
| Hub |
|
|
75 bar
0bar | i ‘ I l | Tobar

: " 100 km onzhare pipeline ’ 600 km offshore pipeline (Europipe ) |
_________________________________________ J
r _______________________________________ I
|

65 b

80 bar | I ! N

: 700 km offshore pipline :
| |
. I
T — e
| | Hub ] !
| |
| [
80 bar i | 78 bar [ Reconditioning & Storage ] T bar i
i 77 km onshore pipeline i

Figure46: Overall design of transport systemRipe B1 MTPA)subcases (a) subcase 1 (b) subcase 2 (c) subcase 3 (top to
bottom)
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Table22: Detailed desigparameters oPipe B1 MTPAsubcases

New buit- pipeline

to hub. Reuseof New buit- pipeline

Pipe B fromhub to to storage
storage

100, 600 700 70

Pipeline to hub
(onshore). Ship to
storage

Charateristics

16
Outer diameter (inch) 16 16
40
1531
Internal diameter (inch) 15.39 15.31
38.74
8.74
Pipeline thickness (mm) 7.92 8.74
159

Flowrate MTPA 1 1 1
Lifetime (years) 25 25 25
Pressure drop (bar) 10 15 2

System boundary pressuré
80
(bar)

Inlet pressure of traisport 80 80 80
system (bar)

Outlet pressure (bar) 70 65 60

Table23: Base/central case results Bipe Bcase fromTool 1(2012)

Pipe B Flow rate Distance Lifetime Discount rate  Lifetime Unitary
(MTPA) (km) (years) (%) costs (M)  transport cost
(E/t coé
16 700 25 8 212 1.2
16 700 25 8 1657 9.7
16 700 25 8 1503 8.8
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APPENDIX D: Chaptevifiterial

Table24: Detailel technceconomic and environmental assessmeguts of comparison between two pipeline diameters
(10.75 and 1275-inch)

Outlet Pressure Pump (bar 125 100
Pump size (kW) 721 566
Pump energyconsumption 6319 4957
(MWhlyear)

tdzyld /1t9- dace! 1,75 1.55
t dzYLJ FAESR ht 9. 0.44 0.39
Pump variable OPEX (e 0 8.77 6.88
Pump CAPEX emissionsddde) 0.42 0.38
Pump OPEX emissions €kb e 2.53 1.98
TOTAL Pump emissions €kb,eg 2.95 2.36
Outer diameter (") 10.75 12.75
Transport capacityNITPA 15 15
Transported volume MITPA 15 15
Internal diameter (") 10.12 1213
Pipeline thickness (mm) 7.8 7.92
Average fluid velocity (m/s) 0.94 0.67
Inlet pressurepipe (bar) 125 100
Outlet pressurepipe (bar) 80 80
Average pressure drop (bar) 339 144
Pipeline CAPEX: Material cost 1252 15.15
6aey

Pipeline CAPEX: Labd O2 & ( 50.18 59,51
CAPEX: Onshoraffshore 28.9 289
fFYyRFIEf 6ac?

Pipeline CAPEXiscellaneous 22.9 25.89
6aedy

¢C201 f LIA LISt Ay ! 1145 12945
t ALStE AYS CAESR 39.37 4451
Pipeline CAPEX emissions 39.9 457
(Ktcoz,eq

Pipeline OPEX emissions 216 24.4
(Ktcoz,eq

TOTAL Pipeline emissions 614 70.1
(Ktcoz,eq
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