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Foreword

[SO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out through
ISO technical committees. Each member body interested in a subject for which a technical committee
has been established has the right to be represented on that committee. International organizations,
governmental and non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely
with the International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

The procedures used to develop this document and those intended for its further maintenance are described
in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed for the different types
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Introduction

In a carbon dioxide capture and storage (CCS) value chain, the main means for transportation of CO, from an

emitter to storage are by ships or by pipelines. Transportation of gas in liquid state is well establish

ed in the

shipping industry and has been done for decades. However, liquid CO, is different from other gases carried
by ships and poses new challenges for both ship design and ship operation. Compatibility along the value
chain is an essential element in the development of CCS. It is important to have a common understanding

of how different aspects, such as cargo temperature and pressure, can influence the ship design
operation.

and ship

The purpose of thls document is to support con51stency and compatlblhty in the design of CCS value chains

and addie
will disduss CO, shlp types Shlp logistics and mterface spec1f1c aspects related to the safe and
design apd operation of CO, ships.

Transportation of liquified gas on ships is governed by the regulations, codes and conventions d
under the International Maritime Organization (IMO) which is referred to under United’Nations Co
on the Laws of the Sea (UNCLOS). Ships carrying CO, are regulated by the IMO Intérnational Cod
Construg¢tion and Equipment of Ships Carrying Liquefied Gases in Bulk (IGC Code)¢which serves as
technical regulation for CO, carriers under the International Convention for the'Safety of Life at Sea

Ship trapsportation of CO, is currently limited to commercial trade for; small-scale use in indust
as the fopd or beverage industries and is served by a handful of small ships. However, the evolving

the main
([SOLAS).

ries such
industry

around (CS will demand transportation volumes of a different maghitude and involve development of new

ship desjgns and ship logistics concepts. These are introducing-asfeed for knowledge-sharing r
type of tfansportation concepts, CCS value chain compatibility,:technical and operational reliability
safety offCO, carriers.

Quantifi¢ation, verification and reporting along the diffetent elements in the CCS value chain wil
important. This document describes limitations and challenges to them and how they can be done
the ship.

In this dpcument, CO, means a captured CO, streéam, including potential impurities following thg
process, if not otherwise explicitly referred tosas pure CO,.

blated to
F and the

become
onboard

capture
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Transportation of CO, by ship

1 Scope

This document provides insights into the essential aspects of CO, shipping and provides basic descriptions
of how the CO, carrier and technology therein is technically integrated with the CCS value chain. It also

includes
transpor
introduc
This doc
aspects

made wh

This doc
system b
value ch
shore-ba
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downstr
the phys
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2 Norf

There ar

3 Ter
For the g
ISO and
— 1ISO
— IEC]

31
barge
floating

3.2

ted by ships today, and how this influences the ship design and operation. Finally, this

ere relevant.

iment focuses on the ship transportation of CO, between loading and offléading facilities W

hin. In the document, the basis for the description of ship operatiofi-s transportation bety
sed terminals. A high-level description of other relevant interfaces is given on a concept
hs impact on the ship design. However, any further description‘ef potential solutions upst
pam from the CO, carrier is outside the scope. This docungerit also gives a high-level descy
jcal properties of CO, streams at the conditions relevant/for shipping and how relevant in
ct the ship and ship operation.

mative references

e no normative references in this document.

ms and definitions
urposes of this document, the following terms and definitions apply.
EC maintain terminology(databases for use in standardization at the following addresses:

Dnline browsing platfoym: available at https://www.iso.org/obp

lectropedia: available at https://www.electropedia.org/

hnit carrying freight on canals, rivers and in ports, either under its own power or towed by

cargoc

a description of specific challenges of transporting CO, as cargo, how this differs from ether gases

cument

es how CO, ships are regulated within the existing international maritime regulatory framework.
ument's main focus is on the technical aspects of CO, shipping. Commercial, liability and financial
hre intentionally kept out of this document. However, general reference to commercial impact is

'here the

oundaries are at the ship manifold equipment that connects the ship/te'the other components in the

reen two
ual level
eam and
iption of
hpurities

another

ntainment cycfnm

arrangement for containment of the cargo including, where fitted, a primary and secondary barrier,
associated insulation and any intervening spaces, and adjacent structure, if necessary, for the support of
these elements

Note 1 to

3.3

entry: See Reference [9].

convention
written agreement between countries

Note 1 to entry: Conventions form a major part of maritime affairs governed by the International Maritime
Organization (IMO).
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3.4
CO, carrier
cargo ship or barge constructed or adapted and used for the carriage of CO, as cargo

3.5
CO, stream
stream consisting overwhelmingly of carbon dioxide

[SOURCE: IS0 27917: 2017, 3.2.10]

3.6
dynamic positioning system
equipmeptand-systemthatisusedforkeepingavesselatagiverpositonusing the-thrasterand-propulsion

of the vepsel to compensate for the environmental loads, including waves, wind, current, etc.

3.7
export lpcation
location where the ship loads the CO, for transport to the import location

3.8
flag state
jurisdictjon under whose laws the ship is registered

39
heat ingress
transfer pf heat from the surroundings into the cargo

3.10
heel
liquid cafgo maintained at the bottom of the tank on the return voyage to maintain cargo tank temperature

3.11
import location
location where the ship offloads the CO, that is transported from the export location

3.12
inland waterway
natural ¢r artificial navigable inland,body of water, or system of interconnected bodies of water,{used for
transpoift, such as lakes, rivers or cdnals

3.13
intermejdiate storage
storage ¢f CO, volumes befere being loaded to a ship and storage after being offloaded from the ship

3.14
multi-lope
bi-lobe
tri-lobe
cargo tanks which consist of two (bi-lobe) or three (tri-lobe) lobes where lobes represent cylinder §egments
partly merged and connected hy a common bulkhead

3.15
muster area
location where the crew assemble in the event of an emergency

3.16
riser
flexible pipe that connects an offshore well to a ship or floating offshore unit

3.17
ship master
person in charge of the ship, its crew and any passengers or cargo it is carrying, on the water and in port

© IS0 2024 - All rights reserved
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3.18
territorial seas
areas which extend up to 12 nautical miles from the baseline of a country’s coastal line

3.19

triple point

temperature and pressure at which three phases (gas, liquid and solid) of a substance coexist in
thermodynamic equilibrium

3.20
two-phase flow
simultaneous flow of gas and liquid

3.21
vapour return
connectipn between ship and terminal for vapour exchange to ensure pressure equilibriunr betyveen the
shore stgrage tanks and the ship cargo tanks

3.22
vapour-liquid equilibrium
state where a substance's liquid and vapour phases are in equilibrium

4 Abbreviations

co, carbon dioxide

CCS carbon dioxide capture and storage
ESD emergency shut down

FSIU floating storage and injection unit

IGC Codg International Code of the Construction and Equipment of Ships Carrying Liquefied Gasqs in Bulk

IMO International Maritime Organization

LNG liquified natural gas

LPG liquefied petroleumrgas

NIST National Institute-of Standards and Technology

OCIMF 0il Companies’International Maritime Forum

SIGTTO Society\of International Gas Tanker and Terminal Operators
SOLAS International Convention for the Safety of Life at Sea

UNCLOS United Nations Convention on the Law of the Sea

IACS International Association of Classification Societies

ES-TRIN European Standard — Technical Requirements for Inland Navigation vessels

5 Regulatory regime for maritime and inland waterways for CO, transportation

5.1 General

International and national shipping are subject to an extensive and stringent set of laws and regulations
which are enforced by international, regional and national regulatory bodies. Considering the large number

© IS0 2024 - All rights reserved
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of stakeholders and the significant environmental and economic impact the maritime industry has on the
society, regulations are developed to enable cooperation between stakeholders and to promote and improve
safety, security, efficiency and to prevent marine and atmospheric pollution by ships.

Marine transportation of liquefied gases, including CO, in bulk by dedicated gas carriers, is well
regulated with proven and high safety standards developed by IMO and other governmental and industry
organizations. Considering the increased focus on CCS, it is however expected that laws and regulations for
maritime transportation of CO, will be further developed.

General description of the maritime governance scheme is explained in 5.2. It is followed by a description of
the main regulatory regime for CO, carriers.

5.2 Maritime governance

™

Internatfjonal shipping involves vessels which operate across the oceans as well as terrkﬁal seas and
exclusive economic zones. Other vessels are limited to coastal and inland waterway: (‘5 sport within
territorial waters covered by the jurisdictions of a single state or multiple states. itime shipping is a
mature |ndustry with well-established international governance institutions; hﬁfe er, the rggulatory
scheme ¢an be different depending on the area and type of operation. A genericgvefview of the maritime

governance scheme and stakeholders involved in maritime shipping is shown in‘Figure 1.
N

As flag State

Maritime state As port state

Regional governmental
organizations As coastal state

Classifi \l’on societies i
= . Domestic and
= International :
< inland
N ¥5vernmental industry fleet waterways fleet
organizations

\?V

The governance of the ocean emerges from the United Nations. UNCLOS lays down a comprehensive regime
of law and order in the world’s oceans and seas by, inter alia, defining the maritime geographical jurisdiction,
including the coastal states’ sovereignty over their respective maritime zones.

IMO is a specialized agency under the United Nations that develops conventions containing detailed
regulations to safety, security and environment, with the intention of establishing a global minimum
standard for the shipping industry. Under IMO, more than 60 conventions, codes and regulations have been
developed which serve the basis for the implementation in the legislations of the individual member states.

© IS0 2024 - All rights reserved
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Regional governmental organizations can develop additional regulations which apply for specific
geographical areas or member states. The European Union (EU) is an example of a regional governmental
organization which through its regulations and directives aim at ensuring common standards among the EU
member states.

The regulations developed by IMO or any other governmental organization are upon ratification implemented
into the national laws of the ratifying states. The flag states enforce the regulations for ships registered
under their flag. Port states exercise port state control on ships visiting their ports based on domestic
laws, to ensure the ship’s condition and equipment are in compliance with the provisions of international
conventions and that the ship is safely manned and operated pursuant to applicable international law.
Flag and port states can introduce additional regional or domestic regulations which apply within their
jurisdiction.

Within the convention framework set by IMO and the regulations set by flag states, the clas§ification
societieg play an important role as independent governance actors. The major classificatiop,societies form
the Intefnational Association of Classification Societies (IACS), which works together witH the |[industry
and maijitime regulators to ensure that the legislative framework is supported and|énhancefl by the
practical implementation of classification rules. IACS has an observer role in IMQ/which allows|them to
provide support and advise to the IMO process. The classification societies develop and maintain technical
rules angl standards for the construction and operation of ships, and carry out ¢lassification, certification
and verification services, as well as surveys to ensure compliance with the-standards. The clasgification
is the basis for the registration with the flag state and is required by IMO-~for international voydges. The
classification standards are generally internationally recognized and%in' compliance with intefnational
maritime regulations.

The clasfification societies can, on behalf of a flag state administration, undertake statutory certification
to the exftent the society has been authorized to do so by the individual flag state administration. §tatutory
certification includes among others approval, surveys, and the\issuance of statutory certificates.

Other n¢n-governmental organizations such as International Chamber of Shipping (ICS), International
Associatjon of Independent Tanker Owners (INTERTANKO), Oil Companies International Maritinje Forum
(OCIMF)| Society of International Gas Tanker and” Terminal Operators (SIGTTO), are also irpportant
stakeholfers in maritime shipping. These are industry organizations with the aim of sharing expgriences,
addressihg common problems and establishing a framework of standards, guidelines, and best pra¢tices for
the induftry. Publications from these orgafizations often become industry standards and are inportant
for ensuring standardization particularly regarding operational compatibility and safety. Several of these
organizations have consultative status in IMO.

Considet]ing the sovereignty of the.territorial seas and internal waters as laid down in UNCLOS, the coastal
states arje not bound by the framework issued by IMO and other organizations when forming the lggislative
framewdrk for ships operating’/within the territory of the state, unless the instruments are ratifi¢d by the
individugl states. Hence/thé regulatory framework which is basis for the national legislations cpn differ
from thdt of internatiegnal shipping. Many states do however use the international legislative frgmework
as a basif for their national frameworks, potentially with modifications and adjustments as found|relevant
dependirIg on thetype of ship and trade, the operational area, etc. regional (e.g. bi-lateral or multj-lateral)
requiremients and'agreements can apply to specific operational areas within the territories of twqg or more
states. (ne example is the regulations applicable for the inland waterways system in Europe, which is
describeddn more detail in 5.3.

5.3 Technical safety regime for maritime transportation of liquid CO,

The carriage of liquid CO, onboard ships for international trade is governed pursuant to the IMO framework
and by the provisions in the SOLAS, and is further detailed in mandatory codes, depending on the mode
of transport. The regulations distinguish between the carriage of the product in packaged form, e.g. as
modular tank containers on cargo ships, and the carriage of the product in bulk on dedicated gas carriers
as explained in more detail in the following. Carriage of product in package form is regulated by the
International Maritime Dangerous Goods Code (IMDG) while the carriage of product in bulk on dedicated
gas carriers is regulated by the IGC Code.

© IS0 2024 - All rights reserved
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The IGC Code is the governing international technical standard prescribing the design and construction
requirements of ships carrying liquid gases, including CO, in bulk. The IGC Code requirements are targeted
to address the particular hazards related to different liquefied gases, including flammability, toxicity,
asphyxiation, etc., including a set of specific requirements for the carriage of CO,.

Classification societies normally have specific class notations which cover design and construction
requirements for gas carriers. These requirements are normally based on the IGC Code, but are often more
detailed on the specific requirements to ensure practical implementation of the requirements given in the
Code and that the overall safety targets are met. Industry organizations such as SIGTTO have developed a
series of best practices, guidelines and standards targeting liquified gas carriers and terminals. Although
these are focusing on commonly transported products such as LNG and LPG, many of these can also be
applicable for CO, transportation.

As explalined in 5.2, an individual state is not bound to the international standards and codes”described
above for trades within the territory of the state, e.g. for inland waterways. Russia, Brazil; China, India,
EU mempers, and many other countries have well developed inland waterway systems-which can be an
attractive alternative for CO, transportation. It is expected that a regulatory frameworki will be developed
for the individual areas when and where this mode of transport becomes relevant, including crods border
agreements. Some countries have existing regulations for transport of dangerous goods on inland witerways
which can be relevant. It is, however, expected that IGC Code and other international standards wil] be used
as suppleémentary references for establishing the regulatory framework for domestic and cross-border CO,
trades OI inland waterways.

Vessels tised for goods transport on inland waterways within the European Union are regulated by the
EU Direg¢tive 2016/1629 Technical Requirements for Inland Waterway Vessels, which is the mdchanism
for incorporating technical standards (e.g. ES-TRIN) into EU law~Within this framework the Huropean
Agreemgnt concerning the International Carriage of Dangerous Goods by Inland Waterways |contains
the provjisions for the carriage of dangerous goods in packages and in bulk. Other countries, regions and
territorigs can have other applicable regulations.

5.4 Grieenhouse gas emissions

Ships toglay use fossil fuels for propulsion, with)few exceptions, and in that sense ship transporftation of
CO, willlhave a CO, footprint depending mainly on the type of fuel and the ship size. IMO has an ambition
to reduce the total emissions from the werld fleet and in carbon intensity (CO, emitted per cargo-carrying
capacity|and nautical mile) by 2050. To meet the defined targets regulations are gradually being enforced.

Emissiorns from a ship’s machinerydptring operation are reported through schemes defined by both{IMO and
EU (for vlessels calling at Europeanports).

5.5 Trpding and cross-border transportation

For crosg-border tranmsportation of CO, where the CO, is transported for the purpose of offshore| storage,
the 1972 Conventign'on the Prevention of Marine Pollution by Dumping of Wastes and Other Matter
(London|Conventioh) and its 1996 London Protocol are important. The London Convention is ope of the
first intdrnatienal conventions protecting the marine environment from human activities. Its objective is
to prom¢te’the effective control of all sources of marine dumplng and take all practlcable steps tq prevent
pollutio party to
the London Protocol) eventually recognlzed the need for a more precautlonary and preventatlve approach
and undertook a full review of the Convention. This review resulted in the 1996 London Protocol.

The London Protocol is a stand-alone agreement that supersedes the London Convention for the states
that are party to both instruments. This means that the London Protocol will prevail if there is a conflict
between the two instruments. The Protocol is more restrictive and adopts a general ban on all dumping
activities, with the exception of the wastes and other matter listed in Annex 1 of the London Protocol. The
dumping of wastes and other matter listed as an exception in the London Protocol Annex 1 requires a prior
permitissued in line with the London Protocol Annex 2 requirements. In 2006, the contracting parties to the
London Protocol adopted an amendment to Annex 1, adding CO, to the list of exceptions, thereby creating a

© IS0 2024 - All rights reserved
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legal basis in international environmental law to regulate CO, storage in sub-seabed geological formations.
This was necessary as storage falls within the definition of dumping.

Article 6 of the London Protocol prohibits the export of wastes and other matter across borders for dumping
at sea. This presented a barrier for cross-border CCS operations as it prohibits the export of CO, for storage
in other countries where the intended storage site is offshore. In order to overcome this barrier, Article
6 was amended in 2009 to allow for export of CO, for offshore storage by adding a second paragraph
exempting CO, from the general ban. The new Article 6.2 sets out criteria for the export to occur, including
the need for an agreement or arrangement between the states involved identifying and allocating permitting
responsibilities. The amendment is not yet in force at the time of writing as an amendment requires two-
thirds of the contracting parties to have formally accepted it. After ten years with little progress of reaching
the required number, the contracting parties agreed to an interim solution of provisional application in
2019. This entails that the contracting parties can provisionally apply the 2009 amendment and export CO,
across bprders provided that the parties have deposited a declaration of provisional applicatidn td the IMO
(who actfs as the Secretariat for the London Convention and the Protocol).

While tHe London Protocol has implications for cross-border transportation and offshore storage for its
contract|ng parties, it can also impact non-contracting parties that wish to engage ifi\such CCS opgrations.
This is the case where a contracting party seeks to export CO, by pipeline or ship for offshore storage in a
non-confracting party. In this scenario, the contracting party has a duty to ensure that the non-cofptracting
party hals a regulatory framework in place that is the same as, or provides better protection of thg marine
environrpent than, the provisions contained in the Protocol. This is to ensufethat the contracting pprties do
not evadp their obligations under the Protocol, and that the CO, is always stored according to the Frotocol’s
requirements in a safe and long-term manner. The Protocol can thereforeindirectly apply to non-cofptracting
parties ih these instances.

6 Ship transport of CO,

6.1 Gdneral

The maif option for transporting CO, by ships is in liquid state. CO, is different from other liquefijed gases
transpotfted by ships as it cannot be liquid at atniospheric pressure regardless of temperature. CO, therefore
needs td be pressurized to above the tripletpoint pressure to exist in liquid form. The combination of
temperafure and pressure required to maintain the CO, in its liquid phase, as well as the high depsity, set
high reqpirements for the tank design, tank supporting structure and tank material terms of the [strength
and low femperature properties.

The CO, |s conditioned to a liquid at'the specified pressure and temperature before it can be transported on
a ship. This involves compresSing, cooling and condensing the CO, as well as removing any impurities to an
acceptable level.

6.2 CQ, cargo transport conditions

6.2.1 General

For liqui«€OQ; cargoes there are three different pressure and temperature regimes that are often|referred
to: low presstur c/luvv tculp'::l ature; nreditm pressur c/luc:diuul tClllpCl attre—and clcvatcd/hish 1 essure/
ambient temperature. There is no clear definition of the boundaries between these three categories, however,
a designation in a CO, transport context is proposed in Table 1. There is nothing preventing transporting
CO, between the below proposed pressure and temperature ranges.
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Table 1 — Pressure and temperature regimes for liquid CO, cargo tank designs?

Cargo designation |Cargo vapour pressure| Equilibrium tem- Density of liquid Density of vapour
(operation) perature? C0,2 C0,2
baral) °C kg/m3 kg/m3
)
Low pressure 5,7 to 10 -54,3 to -40,1 1170to 1117 15to 26
Medium pressure 14 to 19 -30,5to -21,2 1078to 1037 36to 50
Elevated pressureP 40 and above +5,3 and above 894 and lower 116 and higher
2 Applies for pure CO, and properties taken from National Institute of Standards of Technology (NIST) database. Properties
will depend on the other components in the CO, stream.
b Also yeferred to as high pressure.

Several f

from ca

size and|cargo system, tank material grades, insulation and boil-off management and, hence the iny
cost and operation cost of the ships. The different pressure and temperature @also result in

require

hence thg cost for the connecting elements of the value chain.

An alterpative to transporting CO, in liquid state is to transport it as Setid which can allow t}
containelr ships or bulk carriers. See 6.2.5.

6.2.2 Low pressure

ture to storage. For shipping the chosen condition of the CO, has a direct influencé-dn the c3

actors through the CO, transport chain influence the choice of pressure and temperagnre of the CO,

rgo tank

restment
different

ents to liquefaction upstream of ship transport and handling downstre€am’ of ship transport and

e use of

Low prepsure is the cargo condition where the liquid cargo-is transported close above the triple point

but with| enough margin to avoid dry ice formation. The driver for transporting at low pressure

is that it

allows fgr larger tank diameter and hence a large tank volume, hence lower mass of metal per amount of

CO,. The| density of CO, is also higher at this condition\compared to medium or elevated pressure
consequence of low pressure is that the temperatufe of the cargo is lower compared to cargo cc
with higher pressures.

A key challenge with a low-pressure cargo condition is the risk of dry ice formation in the cargg
cargo hj;ldling system in case of a pressure reduction below the triple point pressure. The risk d

formati

6.2.3

Medium

and bevdrage industry. Withimedium pressure the margin to the triple point is large and there is lin

fordry i

Compargd to low priessure transportation, a higher cargo pressure allows for higher design temper
the tank|material; however, the maximum tank diameter and the cargo volume of each cargo tank i

6.2.4

is also influenced by the impurities of the CO,.

Medium pressure

pressure is the cargb_condition used for the small CO, carriers currently in operation for

e formation during cargo operation.

Elevated pressure

A direct
nditions

tank or
f dry ice

the food
ited risk

ature for
limited.

At near ambient temperature (assumed here as above 5 °C) the CO, needs to be above approximately 40 bara
to be in liquid state. With this pressure the diameter of a pressure cargo tank is smaller than for medium
and low pressure, however the requirements to the cargo tank material properties becomes less challenging
due to the higher temperature.

The heat ingress into an elevated pressure tank system will be less than for medium and low-pressure
systems, which can simplify the insulation requirement and cargo boil off management.

1) 1bar=0,1 MPa=105Pa; 1 MPa=1N/mm?,
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6.2.5 Density effects

The density for liquid CO, increases with decreasing temperature, which increases the mass of liquid CO,
that can be transported with the same tank volume. A space above the liquid level in the tank is occupied by
CO,-vapour and allows the liquid CO, to expand due to heat ingress.

To avoid large changes in temperature and pressure in the tanks on the return voyage, the pressure in the
cargo tanks is usually similar on the return voyage as on the loaded voyage. The pressure and temperature
are maintained by a small amount of liquid heel and a large volume of vapour (see 7). As the density of
vapour increases with pressure, the mass of this returned CO, is lowest for low pressure CO,. The returned
vapour will eventually be re-liquefied at the export location.

Whenca- TeMrass1oarairce v Targaseous vi'"“i' y eTUrTvo

net masq for CO, transported in the same tank volume is higher for low pressure compared wjth|medium
pressurd. Correspondingly, the net mass of CO, transported in a medium pressure system is.Higherf than for
an elevated pressure system for the same cargo volume.

6.2.6 $olid state CO, (dry ice)

CO, can plso be transported in bulk in solid form, i.e. as dry ice. Dry ice will keep-its state at atmospheric
pressurd when the ambient temperature is lower than -78 °C. CO, in solidA0rm can in principlq then be
transpoifted onboard other ship types such as bulk carriers or contain€r vessels designed for| the low
temperafure. The sublimated CO, gas can be managed as boil off gas.

6.3 Cargo tank design

6.3.1 (argo tank design considerations

The IGC|Code defines different tank types which can b& used for storage and transportation of |iquefied
gases in pulk. Figure 2 shows the most common tank categories for tanks for liquefied gases as givén by the
IGC Codg. Independent tanks are self-supporting taiks which do not form part of the ship’s hull. Tanks are
further ¢ategorised into Types A, B and C based-on shape, documentation approach and safety pHilosophy
(see Figyre 2). Internal pressure limitation for*Type A and B are relevant only for tank of prismatic shape.
For cylindrical or spherical shape higher internal pressures than 0,7 barg can be accepted. Membrahne tanks
are non-gelf-supporting tanks with a ga§ and liquid tight membrane supported through insulatidn by the
adjacentfhull structure.

As CO, npeds to be kept above minimum 5.2 bara pressure to exist as liquid, the only available confainment
system dovered by the IGC Code.is independent type C tanks. Type C tanks are a special type of pressure
vessels. These can either be of conventional cylindrical form or with multi-lobes (e.g. bi-lobe or tri-lpbe).

Novel coptainment systems other than type C can be relevant for liquid CO,. This can be non-cylindrical
pressurg vessel or pressure vessel designed to alternative design codes than the IGC Code. Congepts not
directly fovered by'tank types defined by the IGC Code need to go through a qualification process o ensure
that the $afety targets of the IGC Code are met.

The tank types, sizes and configurations offer different possibilities and limitations when it ¢omes to
utilizing|th® ship cargo space. The high density of CO, can yield different ship design constraints|than for
other liquefied gas transportation.
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Independent tanks |

Atm

Full

Type A Type B Type C Membrane tanks
Prismatic tanks Spherical / prismatic tanks Cylindrical / bi-lobe tanks Prismatic tanks

ospheric pressure Atmospheric pressure Pressurized Atmospheric pressure

p < 0.7 bar p < 0.7 bar (Prismatic) p> 2 bar p <0.7 bar

secondary barrier Partial secondary barrier No secondary barrier Full secondary barrier

Lo

Example: Example: Example: Example;

LPG or LNG vessels

rge LPG carriers Large LNG carriers Smaller and medium size Large LNG carrier

wn

6.3.2

The app

temperatg

gases ca
high per

The IGC

Tank material

Figure 2 — Gas tank categorization as given in IMO IGC Code

icable materials for a liquid CO, carrier cargo tank will beCdependent on the selecte
ure. Due to the relatively high design pressure required forstorage of liquid CO, compared
Fried by ships, materials which have a combination of high' mechanical strength propert
formance at low temperatures are required for mediunrand low-pressure concepts.

Code lists requirements for materials that are to beqased in cargo tanks for liquefied gases. }

complinIg with these requirements can hence be used for CO, transportation. Materials not meet

require
which deg

The max|
properti
properti
of high s
challeng
essentia
a materi
tempera

Fatigue |

ents can also be used if the material has sucéessfully undergone a dedicated qualificatioy
monstrates the applicability for the intended’use (see Clause 8).

imum diameter of a cargo tank for liquid-CO, is a function of the cargo design pressure, the
bs and the maximum achievable tank wall thickness. In principle, high mechanical

bs of the tank material are essefitial to maximize cargo tank diameter. However, the con
[rength properties and toughness performance at the design temperature relevant for liqy
ng, particularly for medium-and low pressure. To maximize the cargo tank diameter and
to use materials with strength properties beyond what is typical covered by the IGC Cod

fure is important for'the development of large CO, carriers for low and medium pressure.

ecomes more erjtical with use of high strength material and with increasing cargo tank si

d design
to other
es and a

Naterials
ng these
process

material
strength
bination
id CO, is
size it is
e. Hence

bl qualification process‘ef materials with high mechanical strength properties for relevapt design

Fatigue

roperties for'steel are normally independent of the strength properties. Since high stren|

forces transferred to the supports increases with increased cargo volume.

6.3.3 Novel materials

Materials that are not listed in the IGC Code can be considered for CO, ship tanks. The reason for this is to
use materials that have high mechanical strength properties, sufficient toughness at the design temperature,
good welding properties and that are cost efficient.

© IS0 2024 - All rights reserved
10


https://standardsiso.com/api/?name=e89887ca90367d31b0d2d800b3470667

ISO/TR 27929:2024(en)

6.3.4 Design pressure

The design pressure for a cargo tank is the maximum allowable pressure. During operation the pressure
within the tanks needs to be kept below the design pressure. Depending on the cargo temperature, ambient
temperature and the insulation system, heat will ingress into the CO, cargo from the surroundings.
Vaporisation of CO, due to heat ingress causes the pressure in the tank to increase (see 8.4.3). A pressure
relief system is installed to prevent that the design pressure is exceeded.

The amount of pressure increase will depend on the cargo temperature, the tank and insulation system,
the ambient temperature, the tank liquid filling and the duration of the voyage. To allow for some pressure
increase, there needs to be certain margin from the operating cargo pressure, at the start of the voyage, to
the design pressure. Strategies for handling the heat ingress and pressure increase need to be incorporated

in the ca

6.3.5 1

For med
elevated

g0 tank design (See€ 8.4.3).

nsulation

um and low pressure, heat ingress into the CO, tanks is usually minimised by-tank insulg
pressure, insulation might not be needed as the temperature is at ambient or’ ¢lose to ambi

insulatign can be based on insulation systems from gas carrier design for other gasses.

The tanK

6.4 C(C

64.1 (

For oil a
are also

insulation can be designed according to the cargo vapour management philosophy (see 8./
S ship transport concepts

reneral

hd liquefied gas transport there are different concepts for loading and offloading of car
relevant for liquid CO, ship transport. These concepts include conventional onshore t

tion. For
bnt. Tank

k.3).

b0 which
brminals

for loading/offloading, floating production, buoy-based:6ffloading solutions and others. They caf also be

envision

In Figur¢
a nearby
solution§

The imp
to storag

For all t}
to vessel

pd for CCS but there are some novel aspects that are introduced with liquid CO,.

p 3, the CO, is exported from an onshore-or floating terminal. This CO, can come from a
CO, capture plant or reloaded in liquidform from barges, trains or trucks. Loading arm
are used to load the CO, onboard the€CO, carrier.

e. The transported CO, can dlso be used as a feedstock to form other products.

e concepts involving offshore offloading, the ship is equipped with additional features as
s being designed forcterminal-to-terminal operation only. These include an onboard proc

with pumping, offshore offleading solution and a dynamic positioning system. These features cd

addition

h] requirements toypower, manoeuvrability and safety for the crew.

pipeline,
5 or hose

prt facility is either connected directly to the reservoir or to a CO, pipeline system which then leads

opposed
bss plant
me with
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Import location

000 1

Onshore terminal

Export location Ship transport

| 1§

Floating storage and
injection unit (FSIU)

Onshore terminal

®
o A
A _____B t———-
Floating terminal

Offshore injection unit

G

Offshore direct injection

Figure 3 — CCS ship transportation concepts

6.4.2 $hip terminal to terminal

Ship teriinal to terminal is the standardogistic chain for gas carriers today where the ship tr
the dedi¢ated cargo between two onshore’terminals. The only CO, carriers operating today trans
between|onshore terminals.

6.4.3 Barge terminal to terminal (inland waterways)
For a CC$ logistics chain where the source is located inland it can be relevant to transport CO, on b
inland waterways. As mqst barges are not suited for sailing in open waters, CO, can be transferred

carrier which can further transport the cargo to the final destination.

6.4.4 Offshorefloating storage and injection unit (FSIU)

For CCS prejects where the reservoir location is offshore, the CO, carrier can offload to a so-called

Ansports
port CO,

arges on
to a CO,

offshore

FSIU inskead of an onshore termina he offshore floating unit 3 as an intermediate storage
dedicated equipment to inject the CO, into the reservoir.

and has

This concept is similar to what is done in the offshore oil industry where oil shuttle tankers transport oil
from a Floating Production storage and Offloading unit (FPSO) to an onshore terminal, however, in an

opposite direction and with another type of cargo.

6.4.5 Offshore injection unit

It is also feasible to offload through an offshore fixed platform, tower or floater that does not contain

intermediate storage. The CO, is conditioned to be injected into the reservoir on the offshore unit,
connected to the underground storage.
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6.4.6 Offshore direct injection

Injection to the storage reservoirs can be done directly from the ship through a riser, platform or pipe that
it connects to. As opposed to an offshore injection unit, the CO, cargo is conditioned on the ship before
injection in this case.

6.5 Multi Gas and dedicated carriers

6.5.1 General

Multi-gak carriers can transport a wide range of liquefied gases. Typically, during a voyage, theylarg limited
to carrying one grade of cargo due to the additional time involved in cargo tank preparation's/to mgke cargo
changes|(see 8.3). These carriers are designed for the product with the most stringent requiremerits for all
the releyant design parameters. If the properties of the different cargoes are very diffévent it is challenging
to get anloptimized, cost efficient ship design for the specified cargoes.

CO, carrfers can be designed to also carry other liquefied gases. Due to the differences in cargo pjoperties
the ship|design will need to account for the highest cargo density, the lowest)design temperaturg and the
highest design pressure.

6.5.2 xisting ship conversion

For all relevant CO, cargo transport conditions (see 6.1), liquid CO, has different properties (pressure,
temperature, density) from what the current fleet of gas carriess'is designed for. In most cases this [prevents
the possipility to convert the cargo tanks, cargo handling system and hull to carry liquid CO, in an effidient way.

Although it can be technically feasible to convert an existing ship into a CO, carrier, there are several aspects
that neefl to be considered. In addition to the presstre, temperature and density differences of liguid CO,
already mentioned, these aspects include the safety system, fire and gas detection, age and size of|the ship,
installed equipment, certificates, market situation, capital cost, operational cost and others.

6.6 Shiip design

Ship desjgn for CO, carriers follows:thie same principles as design of other liquefied gas carriers. However,
the high|cargo density of CO, and'the resulting tank designs result in different constraints for the|{CO, ship
design. Important design parameters for CO, carriers include the cargo capacity, the size, shape and number
of cargo [tanks, the ship speed,engine power and capacity, ship fuel, fuel consumption and greenhfouse gas
emissiornls. Whether the ship“is intended to be suited for other than terminal to terminal transpoft is also
important as this can addtequirements to dynamic positioning, cargo conditioning equipment anfl system
to conneft to an offshore cargo transfer system.

The seleftion of'the cargo tanks pressure and material as discussed in 6.2 influences the tank ditpensions
and thug has @significant influence on the ship design. The ship design also faces constraints givgn by the
ports in uestion, such as draught, air-draught, maximum length, width and the interfaces with the ferminal.

7 Properties of CO,, CO, streams and mixing of CO, streams influencing the ship
transportation

7.1 Thermodynamic properties of CO, and CO, composition

At atmospheric pressure CO, can only exist in solid or gaseous state. To transport CO, in liquid state the CO,
needs to be contained in pressurized tanks above the triple point. The CO, cargo tanks will not be completely
filled, allowing some room for vapour, which enables easy uptake of heat ingress. As the molecular exchange
between the two phases is relatively fast, conditions at the liquid surface remain close to vapour-liquid
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equilibrium. Further away from the vapour-liquid interface, the conditions cannot be in equilibrium. This
can lead to both temperature and concentration gradients, in both the vapour and liquid phase in the tank.

Figure 4 shows the thermodynamic phase diagram for pure CO,, displaying how phase equilibrium varies
with pressure and temperature. At certain conditions CO, exists in different states; solid, liquid and gas
(vapour). Changes in the conditions of the CO, change its enthalpy and move the associated position of the
considered point on the diagram.

The triple point of pure CO, is at -56,6 °C and 5,19 bara, this is the point at which the solid, gas and liquid
phase are in equilibrium and can co-exist. The critical point of pure CO, is at 31,1 °C and 73,8 bara. Distinct
gas and liquid phases do not exist in thermodynamic equilibrium at temperatures and pressures above
those at the cr1t1cal pomt (supercrltlcal condltlon) At subcrltlcal pressures and temperatures the line on

the diagian -exist in
thermodynamic equilibrium. Q(I/b‘
1[; -70 -60 -50
i A
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P pregsure in M@?‘ 3 stability field of fluid CO, of low density (gas)
T  temperatu triple point
C tem )eraﬁl e in °C LP approximate conditions for low-pressure transporfation
p dengityof fluid CO, in kg/m3 MP__approximate conditions for medium-pressure trangportation
1 stability field of solid CO, HP approximate conditions for high-pressure transportation
2 stability field of fluid CO, of high density (liquid)HP approximate conditions for high-pressure transportation

Figure 4 — Thermodynamic phase diagram for pure fluid CO,

Changing pressure and temperature conditions result in changes of the phase fractions in the tanks and in
phase densities. Heat ingress of the CO, cargo cannot be avoided, hence liquid CO, evaporates and the mass
fraction of liquid and gas cargo changes during transportation. When volume is constrained and the cargo
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cannot expand, the pressure within the tanks rises which drives the pressure and temperature conditions

along the phase boundary in the direction of the critical point of CO,.

Conversely, during loading and offloading of the cargo the pressure-temperature conditions can also move
in the direction towards the triple point of CO,, at which a solid phase will form. To avoid this an operational

safety margin in pressure and temperature is maintained between the triple point conditions

and the

specified conditions within storage tanks. In addition to an operational safety margin, special mitigations to
prevent the pressure from dropping will probably also be required; methods for cargo voyage management

are described in 8.4.3.

7.2 CO, impurities and trace components

7.2.1 ommon impurities

Impurities impact the thermodynamic, physical and chemical properties of the CO, stream.Capt:
streams [will include some impurities from the CO, source which can introduce challenges across

ired CO,
the CCS

value chain, these are described in Clause 8. Levels of impurities acceptable for ship transportation, as well

as for the other parts of the CCS value chain, are uncertain and research is ongoing‘to define the ag
limits. H¢nce the first CCS projects including ship transportation of CO, have high requirements for C

A small heel is normally kept in the cargo tank after offloading to avoid.large changes in the t
conditions before next cargo loading (ref 8.1). To maintain pressure condition$ during loading and o
gas normally exchanged between cargo tanks and terminal. Over severahgycles of transporting CO.|
could ledd to the accumulation of greater quantities of non-CO, cémponents which have a high
volatilityf and low solubility in CO,. Over time this accumulation-¢an surpass safe limits or creatg
and unpredictable reactions.

Table 2 describes common impurities, the potential effects and the associated risks to ship transpo
This table compares the characteristics of a CO, stream ¢éhtaining the named impurities with that
CO, stream. The effects of these impurities can apply tethe bulk liquid CO, stream that is being tran
or to othpr parts of the ship transport system where(he CO, stream is in gas phase, such as in pipe
return systems, and other equipment.

ceptable
D, purity.

ransport
'floading
streams
relative
adverse

rt of CO,.
of a pure
sported,
5, vapour
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Table 2 — Common impurities, the potential effects and the associated risks to ship transport of CO,

Characterization Species Effects Risks

— Form carbonic acid with CO,

— Form hydrates at low temperatures
— Solid formation

— Formice
Water H,0 — Corrosion
— Form free (liquid) water in a gas phase of the
CO, stream — Liquid accumulation

— Form aqueous phases in presence of water-
SolubIe ImpUurities

Oxygen 0, Oxidising component Corrosion

Carbon nmonoxide co Toxic Health and safety

Relative to pure CO,; increased fractions of
non-condensable components in a CO, stream:
H, N, Ar, |— increase the CO, stream saturation pressure;

Non-condlensable CH, etc.

Qperation management
— increase the CO, stream critical pressure;

— reduce the CO, stream density.

Amines, When dissolved with water in the CO, stream — Solid formation
Water sojuble glycols, C,,, |these form an aqueous phase and reduce H,0
etc. concentration in the CO, stream — Corrosion
— Form sulphuric/sulphuroussacid, nitric acid .
- . H,S, SO and elemental sulfur Corrosion
Acid-fortping N%)z' 2

— H,Sis toxic — Health and safefty

Many ship transport projects form a part of a wider traitsport chain in which pipeline transport is significant.
When copsidering the compatibility of different transport modes, the overall project transport spe¢ification
needs either to meet the strictest requirement at.the capture plant or include additional processing|facilities
at mode fransfer points (trans-shipment hubs}:

7.3 Flexibility and mixing of CQ, streams from different sources

If differeint emitters feed CO, streams of different compositions into a CO, transport network, therd can be a
variabilify of CO, stream composition in all parts of this transport network. This variability can b¢ a result
both of yariable mass flow rates and compositions of the feed streams. In such networks, mixingl/dilution
schemes| can be applied,~i:e-’a relatively pure stream is combined with a stream from another emitter
containing higher impurity levels. Depending on the time scale of the variations, some "averaging" of CO,
stream gomposition €an’occur during intermediate storage prior to or during ship loading itself.

A variabjlity of mass flow rates and CO, stream compositions will particularly affect chemical geactions
in the CQ, streams and, in turn, the composition and the physical properties of the CO, stream| In such

cases, C(),specifications for the transport network will be composed of maximum impurity conceptrations
and maxmm@ﬂu@dﬂ@ﬁm@mmﬂu@s&dﬂn&th&um&aﬂmmxed to be

considered, including:

— The maximum acceptable concentration of a single impurity will depend on the concentration of the other
impurities. The CO, specifications can only be defined project specifically, unless strict specifications
are chosen.

— Cross-chemical reactions are more likely when CO, stream composition is changed, for example by
addition of CO, streams at mixing points.
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— Moreexperimental dataon cross-chemical reactions, formation ofaqueous, acidicphasesand implications
for material corrosion at relevant pressure and temperature conditions are needed to:
— testand validate suggested CO, specifications;
— provide a basis for corrosion predictions by simulations. For this, kinetic data are essential.

Additionally, the quantification and verification of cargo is impacted by the presence of impurities as these
introduce uncertainty into the precise composition of the fluid and therefore the precise fraction of CO, in
the liquid and vapour phases. The consequences of stream mixing and impurities on cargo measurement is
discussed in Clause 11.

8 Ship operation

8.1 Shfip and terminal modes of operation

Before bping loaded onto the carrier, the CO, is liquefied to a suitable condition (pressure and temperature)
for trangport by the ship. Temporary storage in liquefied form in a land-based intermediate stgrage (or
barge) tdnk, can be necessary.

For termfinal-to-terminal shipping, CO, is offloaded to land based intermediate/storage (or barge) tanks and
conditioped at the import terminal for pipeline transport and injection, For offshore offloading the CO, is
conditioned on the CO, carrier, or on an offshore facility, before injection:

During alballast voyage in a normal CO, transport operation, the cdrgo tanks and cargo handling syjstem are
maintairjed filled with CO, vapour and liquid (heel) as illustrated'in Figure 5 "Regular circle". This is done to
avoid thg process of cooling down the cargo tanks alongside theterminal prior to loading.

Preparation for
loading — tanks coolin
Gassing-up and pressuring

— Coolant loading

— Gassing-up
Tank deaning ¢ == Ballast voyage — Loading LCq2
— Visyal - -\ handling of heel F=E==
inspection Il Changeof |l | Regular ||
— Cleqnin || _«.Largo Il ;
g [ circle ||
— Tanks drying . & === & — —

~ Offloading LCO2 u Loaded voyage —

maintaining cargo

Figure 5 — Cargo operation phases

If the ship is capable of carrying cargoes other than CO,, it is possible to switch between different grades of
cargo. To prepare the ship for other cargo, a process "Change of cargo" (left part of Figure 5) usually follows
after offloading CO, cargo. This process takes several days or potentially weeks to complete.

8.2 Compatibility and interface

The ship needs to be compatible with the loading and offloading terminals to safely arrive, moor, conduct
cargo operation and depart.
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Typical aspects of compatibility for a CO, carrier are:

To

approaches to the import/export locations (navigable waters);

bert

moo

h and ship size compatibility;

ring compatibility;

cargo handling compatibility, including:

safe

safe

other aspects, specific to the location and the ship.

Infrastr

which arfe used as references documents when designing and eonstructing ships and terminals.
8.3

8.3.1

The responsibility for safe conduct of operations when the ship is alongside the terminal is shared

Cargo operations

the ship

represer
typicallylused to ensure the appropriate checks are formally agreed upon, carried out and recorded

8.3.2

The principal objective\of the procedure for connection and disconnection of the cargo transfer s
to elimirjate any risk-of leakage of cargo. Once the cargo arms or hose is connected it is standard
to replade the air¢in the interface with a dry medium that is compatible with the product being tra
The connpections are then pressure tested prior to the start of cargo operations. Once cargo opera
complet¢ thé.interface at the manifold is drained and depressurised prior to disconnection.

facilltate compatibility, organizations such as the World{Association for Waterborne T

Responsibilities

cargo pressure and temperature;

cargo transfer rate;

Cargo composition (specification);

cargo custody transfer arrangements;

Fargo quality assurance practices;

Ehip-shore cargo lines connections compatibility;
y protocols compatibility;

access to the ship arrangements;

cture (PIANC), SIGTTO and OCIMF (see 5.2) have a role developing guidelines and best

anifold operatiens

ransport
bractices

between

master and the terminal’s representative. The procedure for cargo transfer (sequence, maximum and
minimurp flow rates, tank pressures,semergency procedures, etc.) is agreed between the ship and
tative. To facilitate a safe eargo transfer, a ship-shore safety checklist based on industry gujidance is

terminal

.

ystem is
practice
hsferred.
tions are

8.3.3 Loading operations

During loading operations, the CO, is transferred from the terminal to the ship. The transfer can be done
using cargo hoses or marine loading arms. Due to the properties of liquid CO, the design of the cargo transfer
system needs to account for the possibility of two-phase flow.

Loading operations can be performed with or without vapour return from the ship to the terminal. Vapour
return will ensure pressure equilibrium between the shore storage tanks and the ship cargo tanks and ease
the vapour pressure management.

Loading without vapour return simplifies the ship-shore interface but requires pressure management
on both the ship and the terminal. The pressure will decrease in the shore storage tanks, and it can be
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compensated through CO, vaporisation for example, on the other hand, pressures will increase in the ship
cargo tanks and can need to be handled with a reliquefaction system. To achieve a minimum loading rate as
required by the project it is likely that the export terminal will need to be designed to be able to handle the
vapour return from the ship during cargo operations.

8.3.4 Offloading operations

During offloading operations, the CO, is transferred from the ship to storage tanks at the import location
and the displaced vapour from storage tanks is sent back to the ship through a vapour return line or handled
onshore. The transfer can be done using cargo hoses or marine loading arms. Same as for loading operation,
due to the properties of liquid CO, the design of the cargo transfer system needs to account for the possibility
of two-phase flow

8.4 Cargo management

8.4.1 General

The confition of the cargo when loaded and the receiving terminal requirements can determine the
requirements for the cargo management. For the low or medium pressure catriage concept, the|cargo is
loaded af a pressure and temperature closer to the lower limit of the operating range to allow for| the safe
transpotftation of liquid CO, during the voyage from export to import locatiox:

8.4.2 (argo tank preparation

It is essqntial to avoid the presence of free water in the tanks before and during CO, loading as if has the
potential to form undesirable components such as hydrates, carbonic acid, ice, or other aqueous ghases in
the tanks which can cause adverse effects. To avoid this, the\cargo tanks need to be adequately dried to a
dew poimt corresponding to the cargo tank design temperature, e.g. for medium pressure conditipns, tank
design t¢gmperature is =35 °C. Since CO, is an inert gas, drying can be done with either dry air or nifrogen.

The cargo tanks are gassed up and pressurizedywith CO, vapour, either directly in vapour [form, or
alternatively in liquid form before being vaporised onboard. In this process, presence of air or nitfogen, or
both, in the cargo tank can be judged by measuring their concentration in a gas sample. To avoid potential
formation of dry ice in the cargo systemyeatrgo tanks and piping need to be pressurized with vapour to
above thp triple point of CO, before introducing any liquid CO, from shore. Once pressurized, the tapks' cool
down cah be started by spraying with\liquid from shore.

During normal operation, the cargo‘tanks and cargo handling system are not emptied (depressurided) with
CO, after offloading. Therefore, the drying, gassing up and pressurising process are not needed before
loading of new cargo. See Figure 5 for cargo operation phases.

8.4.3 argo voyagemanagement

Heat ingfess intocargo tanks will result in the natural evaporation of the cargo, also known as boil{off. Boil-
off gas (BOG) produced during the voyage needs to be effectively managed to prevent over-pressuifising the
cargo tanks‘that leads to a venting situation. To maintain the cargo tank pressures within the design range
either orle0r a combination of the following methods can be used for CO, cargo:

— pressure accumulation;
— reliquefaction of cargo vapour;
— liquid cargo cooling.

Cargo voyage management for traditional type C tanks are normally handled by having a margin between
the loading pressure and the design pressure sufficient to allow for pressure accumulation during a certain
period without any treatment of the cargo. In the case of longer voyages it can be challenging to have
sufficient margin from the loading pressure to the design pressure.
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The rate of pressure increase is normally greatest at the ballast voyage where there is only a small portion
of liquid in the cargo tank (heel). Hence the ballast voyage is often dimensioning for the needed design
pressure.

The amount of non-condensable components in the CO, will influence the cargo vapour management and
hence the needed cargo tank design pressure.

Boil off management is most relevant for medium and low-pressure carriage condition systems. In the
elevated pressure carriage conditions, the relatively small temperature difference between the cargo and
ambient temperature results in less heat ingress than medium- or low- pressure cargo containment systems.

8.4.4 Cargo losses

During normal operations of the ship no leaks or venting of the cargo is expected. The cargo isymdintained
in fully gnclosed system during loading, transportation and offloading. Any leakages of cargo.on Hoard the
ship is of accidental or emergency origin only. Numerous operational and design measures.are in| place to
minimizg chances of such leakages. For example, ship’s cargo piping and systems are of welded consftruction,
minimising the use of flanges. The equipment and systems used on ships are approyéd by the clasgification
society, ¢nsuring they meet standards and are fit for purpose for the applications,

9 Technical gaps and development

9.1 Applicability and precision of existing requirements

The technical requirements relevant for international ship trafisportation of liquid CO, are des¢ribed in
Clause 5]1tis to be noted that prescriptive regulations applicable to liquid CO, transportation exist| but that
equivalept level of safety still needs to be demonstrated, as the feedback from experience of transporting
liquid CQ, by sea is very limited.

9.2 Identification of additional relevant reqitirements such as practices onshore

For onsHore applications there are regulations;and requirements that can be relevant guidance| for ship
transporftation of CO,.

In the ElJ, the Pressure Equipment Direetive (PED) is a mandatory directive that is applied to pressure
equipment subject to a maximum allowable pressure greater than 0,5 bar, with some exceptions. Under this
directivd, European standards (EN) ‘provide rules for design, fabrication and inspection. In the USA, this
mandatdry code is the American.Society of Mechanical Engineers (ASME) standard.

PD 5500]| “Specification for unfired, fusion welded pressure vessels” (previously known as the BS{5500) is
a widely|lused code of practice that provides rules for the design, fabrication, and inspection of pressure
vessels) published by the’British Standards Institution.

For pressure vessels, relevant practices can also be found in American Petroleum Institute (API) standards
that are applicabte to LPG storage but can then be applied for liquid CO, storage tanks, similarly sone ASME
parts (thesealso define liquid CO, storage tanks).

In terms i i T, i jal Gases
Association (EIGA) set of documentation, with some of them specifically addressing the particularities of
liquid CO,. These cover the issues of:

— general behaviour and hazards associated with CO, (including toxicity);

— re-pressurization of a tank after an uncontrolled depressurisation event and the associated risk of dry
ice formation and tank temperature below the brittle capacity of the tank;

— ice plugs and clogging with dry ice when purging a line.

For CO, compositions some International Standards and guidelines already exist, such as the ISO 27913 for
CO, transport by pipeline. At the moment shipping transportation limits have not yet clearly been defined,
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except some specific projects such as the Aramis project in Netherlands and for the Northern Lights project
in Norway.

9.3 Qualification and process for new technology

For ship transportation of CO, innovative technology can be relevant. When a technology comprises
innovations that deviate from applicable prescriptive statutory regulations, the provisions of the relevant
IMO Guidelines have to be followed to run an approval process to the satisfaction of the concerned ship’s
classification society and flag administration.

Novel tank designs (e.g. composite tanks, with different standards to IGC Code), require an equivalence
design process, as described by IMO, to get it approved by flag administration or the recognized organization
acting on its behalf.

For non-metallic material (composite tanks for example) ISO 11119 can be used as referenceyfor the design,
construckion and testing, however this International Standard is restricted to tanks of small voluime, as chmposite
tanks for]compressed liquefied gas of large quantity (>1 000 m3) are not generally used onboard ships.

Equipmdnt installed onboard ships is to be approved or certified by a classification society. This is also
applicable for equipment on CO, carriers and potentially also covers transfer equipment such as liguid CO,
transfer [hoses, if located onboard the ship, and hoses used in different offlpading methods such as direct
injection. Generally, the methodology of equivalent design approach is applied for qualification of new
technology and submitted for approval to the flag state and classification society.

9.4 Gaps and need for development

There arfe some areas where there is a potential for development and which would be needed t¢ further
optimizg CCS value chains where parts of the transportation are done by ships. The most ihportant
challenggs identified for CO, shipping that need attentionfor the industry to optimize the logistic chjains and
ensure spfety are:

— (O, ppecification for ship transportation, including maximum acceptable level of impurities;
— hanqling of commingling or blending CO, cargo from different sources;

— cargp tank material qualification requirements for low temperature performance of materials with high
mechanical strength properties;

— meapurement and reporting of G0, cargo discharged for injection and storage.

10 Safety and risks
10.1 Health, safetyvand environment (HSE)

10.1.1 Toxicityand asphyxiation

Any gas [that is present in sufficient quantities to lower oxygen levels will act as an asphyxiant. However,
even if tiiere 15 SUITICIENt oxXygen to SUpPpoIt life, CU, can be dangerous and nence can also pe considered
as toxic. For CO, to reduce the oxygen concentration in air down to a level that is immediately dangerous
to life, the CO, concentration would need to be in the order of 50 % volume to volume. It is also reported,
however, that CO, does create an immediate threat to life at a concentration of only 15 % in air due to the
toxicological impact it has on the body when inhaled at this concentration. Apart from the immediate threat
to life, a low concentration of CO, can also be toxic depending on the time of exposure. Depending on the
CO, concentration inhaled and exposure duration, toxicological symptoms in humans range from headaches
(in the order of 3 % for 1 h), increased respiratory and heart rate, dizziness, muscle twitching, confusion,
unconsciousness, coma and death (in the order of > 15 % for 1 min) (see Reference [17].

Impurities that follow the CO, from the source can be toxic and be a danger for humans in case of a leakage.
Threats of relevant impurities including toxicity and danger for humans are listed in ISO 27921. Depending
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