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Foreword

ISO (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.
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Introduction

Flow assurance can be defined as an engineering discipline that is required to understand the
behaviour of fluids inside vessels, pipes or porous media at flowing and at static conditions. Flow
assurance provides input to design activities, such as pipeline design or risk analysis. It emerged as an
engineering discipline in the oil and gas industry in the 1990s. Flow assurance analysis is delivered in
the oil and gas industry by methodical numerical simulation of each pipeline and injection/production
well operating case, often using flow assurance software to facilitate the analysis.

a arala 10 e D e ala A ore QA a ace aye a M AalNtall

In relatiop—tc aYe : g 3 storage [CCS : SS seeks tc
continuoys supply of the CO, stream from the capture plant, through the transportation system*and
into the geological reservoir via injection wells. Flow assurance is required to demonstrate that[all
foreseeable operating modes of all components of CCS projects, planned and unplanned, are predictalle,
reliable and safe. It achieves this through analysis of the CO, stream flowing as a fluid in the variqus
componeijts of a CCS project’s systems, from capture through to geological storage (capture, transpart,
injection ¢dnd storage).

Some of the key issues of interest addressed by flow assurance analysis include:

— the tdtal network or project hydraulic capacity requirements necessary-for determining pipelipe,
injectfion well and reservoir operating parameters;

— management of transient operations, such as those caused by varying injection rates, varying (O,
stream supply and during slugging, surging and start-up and shut-down operations;

— thernjal management under various operational scenaries’to ensure that the variations of flyid
temp¢rature are within the operating constraints of thelSystem;

— fluid phase behaviour and physical properties as aftinction of CO, stream composition;

— hydrdte management and control, resulting from Joule-Thomson effects such as pressure dijop
acrosp pressure reducing valves, orifice platés-and flow metering devices; and

— plannfed and unplanned de-pressurizationof systems, such as that resulting from a pipeline rupture,
well Blowout or controlled venting of pipeline and equipment during maintenance activities.

Most of tHe above issues can be addressed by dedicated flow assurance modelling software and togls,
in which Qoth thermodynamic and hydrodynamic behaviours of fluids in technical components such|as
pipelines pr wells are modelled.¥\The thermodynamic properties and transport properties of fluids are
closely related to their chemical composition and their associated amount or concentration. Significant
differencds in thermodynamic behaviour of fluid of different compositions can be observed and thé¢se
differencds can lead to-different hydrodynamic behaviour of the flow. Therefore, fluid thermodynarpic
propertie§ are a critical input to the dynamic flow models.

Existing (CS system modelling of technical components has mainly been limited to single phase CP,.
Given signifieant storage capacity suitable for permanent CO, storage exists in depleted hydrocarhon
reservoirI, which can be initially at pressures where CO, can be subject to two-phase flow conditiops,
the CO, stream In the pipeline and injection well can be subject to two-phase flow conditions, 1.e. a
combination of two CO, phases, gas and liquid. Two-phase flow can also occur during transient
operations such as opening up, closing in or depressurization of pipelines or wells. Within underground
reservoirs two-phase flow is generally expected involving the injected CO, stream as well as formation
fluids that will have to be mobilized. Facilitating unhindered flow of the CO, streams in CCS projects
requires the inclusion of reservoir fluids (natural gas, water or crude oil) and relevant processes in
the storage reservoir in the flow assurance analysis. Two-phase flow cases, such as in the examples
mentioned, are a more complex challenge for flow assurance modelling compared to flow assurance in
oil and gas transportation and injection/production well infrastructure.

Existing commercial software tools for flow assurance analysis are utilized for modelling the planned
and unplanned operation modes for the various components of the CCS system, including the reservoir
management component. These tools predict fluid behaviour and properties in the operating system. As

vi © IS0 2023 - All rights reserved
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input, this modelling requires input data such as the CO, stream composition, the physical geometry of
relevant infrastructure such as pipelines, injection wells and the receiving reservoir, and the operating
conditions which include:

— steady-state and transient processes;
— single-phase and multiphase flow;
— pressure, temperature, phase fraction, velocity, etc., and their distribution in space and time; and

— distribution of fluid phase compositions in both time and space.

© 1S0 2023 - All rights reserved vii
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Carbon dioxide capture, transportation and geological
storage — Cross cutting issues — Flow assurance

HHent-ae thesandexphainsthe physieatand-ehemieat phenemenaand-theteehirical issucs
asgociated with flow assurance in the various components of a carbon dioxide capturg,arnd storage
S) system and provides information on how to achieve and manage flow assuranCe."The gaps in

tedhnical knowledge, limitations of the tools available and preventative and corrective’meagures that

cap be taken are also described.

Thiis document addresses flow assurance of CO, streams in a CCS project} from CO, cdpture via
trgnsport by pipeline and injection well through to geological storage. It does not specifically address
upptream issues associated with CO, sources and capture, although flow assurance will inform CO,

capture design and operation, for example, on constraints on the presence of impurities in CO},
as there are too many different capture technologies to be treated inndetail in this document.

Vegsel transport and buffer storage that are considered in integrated CCS projects under deve

streams,

lopment,

ar¢ not covered in this document. Flow of material in the supply chain of a CO, source, even iffdelivered
byl|a pipeline (e.g. blue hydrogen generation), and flow of gas streams within facilities generating and
fedding these into a capture facility can impact flow assurance in CCS projects and networks.[These are

ouf of the scope of this document as well.

of fhe CO, stream which in turn can ultimatelyzatfect the continuous supply of the CO, strea
capture plant, through the transportation system and into the geological reservoir via injecti

from the
n wells.

Thiis document also examines the impact of impurities on the phase behaviour and physical{roperties

Flgw of fluids in oil reservoirs for the purpose of enhanced oil recovery is not within the scape of this

dofument.

2 | Normative references

Thee following documents are referred to in the text in such a way that some or all of thejir content
constitutes requirements of this document. For dated references, only the edition cited applies. For
ungdated references; the latest edition of the referenced document (including any amendment§) applies.

ISQ 27917, Carbon dioxide capture, transportation and geological storage — Vocabulary — Crass cutting

tenms

3 | Terms and definitions

For the purposes of this document, the terms and definitions given in ISO 27917 and the followi

ng apply.

[SO and IEC maintain terminology databases for use in standardization at the following addresses:

— ISO Online browsing platform: available at https://www.iso.org/obp

— IEC Electropedia: available at https://www.electropedia.org/

3.1

carbon dioxide capture and storage network

CCS network

connections of multiple CO, sources and storage sites

© IS0 2023 - All rights reserved
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3.2

carbon dioxide capture and storage project

CCS project

either single capture-transportation-storage systems or multiple systems (networks) consisting of CO,
capture systems, CO, transportation systems, and CO, geological storage systems

Note 1 to entry: In this document, the facilities generating a CO, stream are included in the considerations of
flow assurance, as part of any decision or event at these facilities affecting the amount of CO, stream sent to the
capture system, and will impact flow assurance within the CCS project.

Note 2 to entry: For more information on

— CO, cqdpture systems, see ISO/TR 27912,
— CO, trpnsportation systems, see ISO 27913, and
— (O, gqological storage systems, see ISO 27914.

3.3
carbon dloxide capture and storage system

CCS systegm

combinatjon of the capture, transportation and storage components considéred as a single entity

34
componepnt
assemblage of technical or geotechnical installations and natur@l features of subsurface geological
systems tlhat are separate in terms of physical space, technical disciplines, industrial practice and
dominatijg physico-chemical processes

3.5
flow regime
type of flgw pattern developed by fluid flowing thraugh pipes

Note 1 to ¢ntry: Flow regimes depend on pressure and temperature dependent fluid properties, the diamefter
of the pipd, flow rates, fractions of each phase-and the inclination of the pipe. Flow regimes can change with
distance along a pipeline. In single phase flow(the regimes laminar and turbulent flow are distinguished.

3.6
hydrauli¢ capacity
maximun] flow rate achievable in‘a’system for a given pressure loss

4 Abbreviated ternis

BHP bottom-hgle pressure

BHT bottom hole temperature

CCS carbon dioxide capture and storage
DHSV down-hole safety valve

EoS equation of state

EOR enhanced oil recovery

HET hydrate equilibrium temperature
MEG mono-ethylene glycol

RFO ready for operation

2 © IS0 2023 - All rights reserved
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SSSV subsurface safety valve

THMC thermal, hydraulic, mechanical and chemical

WAG water alternating gas

5 Overview of the necessity of flow assurance in CCS projects

5.1 General

During normal operations, CCS projects are generally designed to deliver an uninterrupted-qupply of a
CO, stream:

a) | to and from the capture plant;

b) | through the transportation system, such as pipelines;

c) | into the geological storage reservoir including the injection wells and surface infrastructure; and
d)| within the storage reservoir.

Mdst CCS projects will be associated with fluctuating operating’ characteristics and condiitions, i.e.
varying inflow and outflow behaviours. Detailed consideration of these characteristics during the
depign and planning of the individual components of CCS projects need to be coupled in a way that
cap minimize the risk of flow interruptions of the CO, streams through the entire CCS prgject to as
low as practicable. To best achieve this, the overall system fluctuations of pressure, temperature, fluid
velocities and flow rates of CO, streams and their gradients are kept within the predefined operational

ranges for these parameters at each CCS component as determined from the flow assurance modelling
dufing the design phase of the project. The (design of technical components can include [means to

fadilitate preventive and corrective measuresito achieve these operational ranges.

Notwithstanding that it would be ideal t0 maintain uninterrupted flow, in reality, like all industrial
processes, interruptions caused byi-planned or unplanned events are inevitable, for| example,
mdintenance work or unexpected eqgiipment failure or in EOR operations injecting water and [CO, (WAG

SC
to

5.]

emes) intermittency is inherent to normal operations. Therefore, flow assurance requiremnents need
make provision for such fluctuations and events.

P Reasons to maintain flow assurance

Thiere are severalreasons for ensuring uninterrupted flow along the entire CCS chain includipg:

Technicalsand safety: Flow interruptions or excessive fluctuations of CO, stream properties
(including mass flow rate, pressure and composition) increase wear of equipment anfd the risk
of eatly failure due to physical or chemical effects. Chemical effects can include the fomation of
hydrates that can block pipes or reservoir rocks and corrode the equipment. Physical effedts include

vibrations, temperature effects on material integrity or mobilization of fine particles and blocking

©lI

of pore throats in porous reservoir rocks. Rather sudden fluctuations of physical properties in CO,
streams can result from phase changes or fluid dynamic effects (e.g. hydraulic hammer) that can
damage infrastructure.

Economic: Maintenance and replacement of equipment is a cost factor. A smaller than forseen
amount of CO, stored will reduce the income of CCS projects, e.g. from emission trading or tax
credit generation as well as for transport and storage service providers. Excess CO, that cannot be
captured, transported or stored and thus will be released to the atmosphere can result in payments
for emissions. Furthermore, releasing captured CO, downstream is associated with unnecessary
costs for the capture operation.

Environmental: Venting of CO, will be counter to the purpose of climate mitigation by CCS projects
and can release substances into the environment that are harmful to the human health or the

S0 2023 - All rights reserved 3
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environment. The nature and concentrations of such substances depend on the capture technology.
Lower than anticipated amounts of CO, captured, transported and stored will reduce the overall
energy, resources and environmental balances of CCS projects.

5.3 Potential factors affecting flow of CO, streams at individual components of CCS
projects

5.3.1 General

a o) a omponen a nrole a N1 OIALQO 0

As illustrated gaure 1 the essential componentsofa CCSprojectthatca pactflow ¢
are CO, gources, capture facilities (including purification and conditioning units), transporfatfon
infrastrudture, manifolds for field distribution, injection wells and storage reservoirs.

\d
Venting or Shut-in l&?@xtraction

Soufces =»| Capture Facilities [#»| Transportation [={ Field Distribution [= Wells =5 Reservoirs
T hipm Pumps &
rans-shipment umps
— — — — ffer Storage |e———
Heaters & Coolers Facilities Compressors é\l g

Overarching Network Layout and Managemeént

~

ey
components for handling excess flows and interruptions

essential components of CCS projects
optional components of CCS projects

non-technical components of CCS projects

HEOE

Figure 1| — Schematic overview of the components of CCS projects — CCS systems or networks

Essential fomponents for a sirigle source-to-sink scenario are connected by brown arrows in Figureg 1.
Optional fomponents and devices, that are not needed in every project, can be included at varigus
locations within CCS projects, including trans-shipment facilities, pumps, compressors, heaters, coolers
and buffer storagecEurther technical components for managing flow interruptions or excess streains,
likely to Qe installed in any CCS project, include venting or shut-in devices, e.g. safety valves along a
pipeline.

Bes]des t} atochnical caomnanaente that imnact flaww accnranca managamant nracadurac will datorm ne
technical comp nentsthatimpactflow assurance management procedureswill determ

the overarching flow assurance within CCS projects. Flow assurance becomes a more complex issue for
the overarching layout and management, for example when transportation networks connect multiple

sources and sinks and facilitate alternative routing and means for transportation.

The continuous flow of CO, streams in CCS projects can be disturbed by flow rates above or below
limits of normal operations. Counter measures can be the venting of a part of the gas streams (exhaust
gas, process gas or CO, stream) or shut-in of equipment. Provisions for venting or shut-in can be located
at multiple sites within CCS projects or within the essential components. Extraction of fluids, CO,
stream or other formation fluids, from a storage reservoir can also be used to maintain continuous
flow. For example, in the case of storage in saline aquifers, production of brine and its reinjection into
other formations can be utilized for the purpose of pressure management.

4 © IS0 2023 - All rights reserved


https://standardsiso.com/api/?name=fa486b22c64366422535eb86f5ec3e2b

ISO/TR 27925:2023(E)

Other than malperformance and failure of components, threats to flow assurance within each of the
various CCS components are described in 5.3.2 to 5.3.8.

5.3.2 CO, sources

The CO, generation at the sources can vary or change for different reasons and at different timescales.
The production of goods can be subject to market fluctuations that will be associated with equivalent
fluctuations of industrial plants’ CO, output. Some fluctuations can be foreseeable, such as seasonal
fluctuations or planned maintenance and shut-downs. Other changes can occur on a timeline that is
difficult to predict, for example, the generation of process heat can switch from coal to natural gas or
hyfirogen which can result in future that can lead to a permanent decrease in the generatipn of CO,.
Thiis decrease and associated changes of the CO, concentrations in the process or flue gas ;sfream can
require changes to the capture technologies deployed. In networks of multiple sournces, dhanges at
individual sources can be levelled-out and the effects on the flow of the combined €O, streams can be
compatible with the foreseen operational window for downstream infrastructure, (see ISO/TR 27918).
It is therefore necessary for the design of the various CCS components to accominodate a wideloperating
enyelope including situations of turndown.

5.3.3 Capture facilities

Thie capture technologies including gas conditioning processes, determine the concg¢ntrations

of
co
de
sty
the
an
in
co
fra

impurities in CO, streams. The efficiency of capture protesses depends on the mass

signed to work in an optimal way within the design window of operation. Excess fluctuati
eams both in terms of composition and mass flow rates-can lead to sub-optimal operation
 design window and to a reduced capture efficiengy. Combining CO, streams from differe
1 thus containing a different set of impurities caicause reactions between impurities that

m the CO, stream can be required beforétransportation, or else combining of CO, strea

mposition of gas streams - and their variations in time, €apture facilities and their equij

products that can increase risks for flow assurance in downstream infrastructure, e.g. by i
'rosion, friction, wear or deposition of products in pipelines. Thus, effort in the removal of i

flow and
bment are
ons of gas
outside of
Nt sources
can result
ncreasing
mpurities
ms can be

prevented, if the mixture is incompatible 'with downstream components; see Reference [2].

5.3.4 Transportation
While the transportation of €0y in pipelines aims at achieving uninterrupted flow of CO, in a single
dense phase (see ISO 27917).at ambient temperatures and high pressure, transport in vesgels (road,
rail, ship) are expected-to-be in a liquid phase at very low temperatures and moderate pressure. If
physical properties ofC9, streams in upstream and downstream infrastructure are different{from that
in the transportatien'system, installations have to be provided at either end of the transportaftion chain
to fadjust physical ¢conditions. This equipment includes compressors, pumps, heaters and coplers. The
impact of theséon flow assurance depends on the technology utilized, the location of such gquipment
within the €€S project, and the designed range of flow rates (and CO, stream compositions) that these
cah handle:

Fu fermittent
tr 2 = o By o cc 2 : : e changes
in pipelines (line packing), use of temporary stores (engineered or geological) or switching between
a suitable number of vessels to ensure continuous filling and discharge of vessels, so that up- and
downstream CO, can flow in a continuous manner. Overall, vessel transportation is more sensitive to
external impacts than pipeline transportation, e.g. due to road or rail blockings, extreme water levels
in rivers or off-shore storms that can interrupt shipping. Thus, additional dedicated buffers can be

prudent in order to avoid interruptions, shut-ins and venting of CO,.

ntly di

Fthermore, the transport in vessels is inhere scontinuous, i.e. leads to in

A aon aVaa¥a' a A a alll a¥a'

5.3.5 Field distribution

In large scale storage projects, usage of several wells can facilitate CO, injection into reservoirs.
Natural gas and oil reservoirs are usually exploited by a considerable number of wells, which can be
used in active or depleted fields for CO, injection. A CO, stream arriving from distant sources has to be

© IS0 2023 - All rights reserved 5
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distributed within the hydrocarbon fields through manifolds to the individual wells in order to fill the
reservoir in an effective manner. In particular, the CO, demand of wells in EOR projects will be variable
according to the oil production operation. For example, in WAG schemes, CO, is injected intermittently
in individual wells. Trade-offs between optimum oil recovery and maximum CO, storage can be made
in CO, EOR projects, that will be influenced by the revenues or savings from CO, storage and oil sale.
Additional fluxes of CO, streams are associated with technical components for the separation of CO,
from crude oil and formation water and recycling it to the injection wells.

Also, in aquifer storage, manifolds can be used for distributing CO, streams between injection wells
in one or more reserV01rs Wells can be laterally spaced in one storage formatlon as in the case of
the Krec

switchingl between wells in the case of maintenance or logging in a well, or the options for pressure
management and plume steering in the storage reservoir. This flexibility suits the flow assurance in the
upstream|components of CCS projects.

5.3.6 Injection wells

Similar to|pipelines, injection wells need to maintain flow of CO, streams at father constant conditiops.
However, fthe physical conditions of CO, streams can differ considerably from top to bottom of a wgll,
especially] if reservoir pressures are much lower, e.g. in depleted natural'gas reservoirs than at the gnd
of transp¢rtation pipelines or temperatures are much higher in the\reservoirs compared to the lpw
temperatiires of liquid CO, in ships. Such contrasting conditions<hold technical challenges for design
and operation of injection infrastructure. Technical challengeés-include avoiding the formations| of
hydrates that can block flows and phase changes or thermal and/or hydraulic stresses that can imppir
well integity. Corrosion or mechanical wear can lead into-sittations that can require monitoring (using
logging), inaintenance or work-overs on one or more injection wells. Wells can be out of service becayse
of such operations for a while. Therefore, avoiding of>¢arly well workover is one of the aims for flpw
insurance in injection wells.

In particplar, offshore CO,-injection wells \sometimes have to be operated under transient |or
intermittgnt conditions. In case of pipelinestransportation, this can be due to varying CO, supply, and
in the casg of ship transportation, it can be’due to the arrival of ships and the lack of buffer storages.
From a stlidy into the effect of thermalcycling in the well due to intermittent injection from ships (see
Referencq [3]), it was found that lgng intervals, low CO, temperatures and high injection rates lgad
se
ical

to
"es
"es
nt,
pressure build-up and injectivity of wells. The resolution of seismic images is low compared to the size
of sedimentary or tectonic structures affecting fluid flow and rock samples obtained from well drilling
are usually too small to be representative for a larger reservoir volume. Thus, parameters required
for “precise” prediction of fluid flow in reservoirs are not available in the required resolution and full
spatial coverage. Numerical models describe fluid flow in reservoirs in simplified ways, assuming
generalized parameter distributions at rather coarse scales. Hence, CO, plumes will not spread out in
natural reservoirs “exactly” as predicted by numerical models. An example of such structures that had
not been resolved in seismic images before the injection of CO, are the shale layers within the Utsira
sand at the Sleipner CCS project, that have a marked impact on the shape of the CO, plume within the
reservoir, see Reference [4]. Thus, the uncertainties regarding actual injection rates, pressure build-
up, spreading of CO, plumes and the displacement of formation fluids can be large and can impact the
overall CO, uptake of a reservoir. An example of the impact of storage properties is the experience in the
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Tubden Formation storage reservoir within the Sngvit CCS project offshore Norway, see References [5]
and [6]. At the given injection rates, pressure within the reservoir built up faster than anticipated
requiring additional injection wells to be drilled beyond the area influenced by this premature pressure
build up. During project lifetime, reservoir models generally will be updated based on operational
and monitoring data to increase conformance between models and real plume behaviour and reduce
uncertainties in predictions.

5.3.8 Optional components

In addition to the essential components, CO, streams can pass optional installations along the route
of{;O2 transportation, such as trans-shipment facilities, pumps, compressors, heaters, cool¢rs, buffer

stdrage, venting or shut-in devices, e.g. safety valves along the CCS chain as described inFiglire 1. The
impact of these on flow assurance depends on the used technology, the positions within-a CCS chain or
nefwork, and the specified range of flow rates and CO, stream compositions that thése-can handle.

5.4 Providing flow assurance

5.4.1 General

pventative
require a
lamage of

suring a stable flow of CO, streams through a CCS chain or network' can be secured by pr¢
1 mitigative or corrective measures. Reducing the risks of intermittent flow will likely
pject-specific balanced mix of the two approaches. Consequehces of interruptions, costs,
utation etc., can be criteria for the selection of measuresfor flow assurance.

flekibility will dictate the flexibility of thejentire project to cope with fluctuations or inte
Refdundancy of limiting components orthe use of modular components can increase the fle
the entire project. Several units of capture facilities, pumps or injection wells can be combin
enhancement of the overall flexibility.

mass flow
r variable

rates is beneficial for flow assurance. In‘single source-sink chains, the component with the least

rruptions.
xibility of
ed for the

Geperally, storage reservoirs-Cannot be modified, apart from fluid extraction for pressure management

or[in the event injection ereates, propagates or activates faults in the formation or confini
s, storage site expleration can include the surroundings (laterally and vertically)
mations so that additional storage volume can be tapped into if required.

for

La
ca

Fge volume buffer’storage or reserve storage, e.g. in depleted fields with re-usable infra
1 be used fofcaptured CO, that cannot be transported and stored according to the planng

ng layers.
f storage

structure,
bd regular

opgration.

5.4.3 £ Operational procedures and work-flows

Whereflowimterruptionsare umavoidable; aprocess for prioritising sites T €€Sprojectswirere CO, can
be released or shut-in with the least detrimental impact can be employed. These can vary depending on
the site in a CCS project where the flow is interrupted first. It is important to undertake the sequence of
shut-ins and venting as well as velocities of ramp down (and up) in a manner that will minimize impacts
on equipment of the entire chain. To mitigate this, as part of the preparation for such shut-down events,
itis important to communicate the measurement and control technology between different components
of a CCS project and the appropriate and safe response to such pre-determined and expected events.
This can be challenging if different owners and operators are involved, and if addressed possibly
through overarching project management.

For planned flow interruptions in CCS projects, such as those experienced during maintenance
shutdowns, continuous flow, can be maintained via either use of buffer storage or availability of back
up equipment to minimise variations of flow and phase behaviour of the CO, stream, or both.
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5.4.4 Overarching project management

CCS projects can be managed as a simple source-sink system operated by a single entity. Simple source-
sink systems can encounter challenges that more complex CCS networks can in principle avoid. For
example, complex CCS networks would be expected to better cope with interruptions and fluctuations
of flows, directing CO, streams through bypasses or to alternative storage sites, or obtaining CO, from
other sources in order to maintain supply, e.g. for storage associated with EOR or if minimum flow rates
are required. Ships can be very suitable to maintain such a flexibility on the CO, supply side as many
industrial clusters of CO, sources are located in coastal areas, e.g. along the coast lines of the US Gulf
coast, the North Sea or the Yellow Sea.

Overarching project management includes the coordination of different entities of CO, providgrs,
transportption and storage operators. In the European Union, regulatory access to transportation dnd
storage irffrastructure is available to third parties where it “reasonably can be made available”, see
Referencq [7]. Regulators will also play a role in directing CO, streams, if there is a surplus‘of storage
capacity, ¢r expanding CO, transportation and storage infrastructure if additional CO,emitters chogse
to join CCP projects. Therefore, operators can be faced with requests to facilitate larger flow rates for
transportland storage of CO, than initially planned.

Overall, the design, siting and dimensioning of CCS networks are associated with uncertainties| of
market d¢velopments and competing options for CO, sources to achieve their emission reduction|or
compensdtion. The success of renewable energy production, the substitution of fuel and processeq in
combinatjon with the political targets of greenhouse gas neutrality cdn lead to declining needs for (CS
and infragtructure can be oversized for later in its lifetime. Storage and transportation facilities dan
be downsjzed or decommissioned when CO, sources diminish. Thus, due to such uncertainties and the
financial fisks they pose on private investment, the developmeiit of transportation infrastructure and
storage site exploration requires government investment tgrunderwrite any such risks. For example,
the Eurogean Union has recognized this by listing some>CO, transport infrastructure proposals|as
projects ¢f common interest for transnational energytinfrastructure, that are entitled to apply for
financial §upport from the European Union. Using these benefits in complex CCS networks can involve
different legal entities and thus requires an overareching project management (in addition to the reasagns
mentioned in 5.4.3) comparable to the regulationof electrical power grids.

6 Fluid composition and physical properties

6.1 General

Thermal, hydraulic, mechanicaland chemical processes or a combination of these processes, influence
the phasel behaviour and inyturn the flow assurance of CO, streams. Nonlinear coupled formulae qan
be used tp describe thése processes. Thermodynamic and transport properties of CO, streams gre
key in modelling, designing and operating CO, capture, transportation and storage systems. Thus, the
properties of CO, styeams in the different systems need to be well known. Due to the complexity gnd
multitude] of possible processes and CO, stream phase states in multi-component and multi-phase (0,
streams, modelling and predicting stream behaviour and flow can be challenging.

Thermodv Tamicproperties ofthe CGZ streamrareof pat ticutar-interest—as—the—criticat point of pure
CO, lies close to temperature and pressure conditions typically encountered during CO, transport and
injection, so that two coexisting phases can be expected in different systems and at various operation
conditions. Even small changes in either pressure or temperature, or both, during operation can lead to
rapid and substantial changes in the physical properties of a CO, stream, leading to phase changes or
multiphase conditions.

In the presence of impurities in the CO, stream, the phase boundary line widens up into a two-phase
region in the pressure-temperature space and the triple point and the critical point are shifted to
different temperature and pressure values. In addition to the impacts on the CO, stream phase
state, impurities modify the CO, stream physical properties. The magnitude and direction of these
modifications depend on the nature and the concentrations of the impurities present. In some cases,
even small concentrations of impurities can lead to very pronounced changes of the properties of the
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CO, stream. Thus, knowing and being able to predict the boundary of the two-phase region as well
as the impure CO, stream’s other physical and chemical properties is of uttermost importance for
accurately designing and operating CO, transport, injection and storage systems.

For predicting the physical properties of pure and impure CO, streams, validated equations of state
and physical property models are commonly used. Experimental measurements are still ongoing to
qualitatively and quantitatively improve the data basis for the equations of state and property models
and thus improve their applicability, accuracy and reliability for CO, streams of various composition.

Though the chemlcal composition of co, streams 1s relevant to flow assurance, in partlcular due to

A - - e substances,
rejctions w1th chemlcal substances used for capture and condltlonmg of CO2 streams anfl because
of [geochemical reactions within geological storage complexes, the focus of Clause 6is/om physical
properties.

6.2 CO, phase behaviour and thermophysical properties — Key features

Thle thermodynamic phase diagram in terms of pressure, P, and temperate; T, for pure COy is shown
in Figure 2, as modified from Reference [7].
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CO, density has been calculated with GERG 20041) (see Reference [8]).

Figure 2 — Thermodynamic phase diagram for pure fluid CO,

At temperatures below the critical temperature (and above of the triple point temperature), as the
pressure lncreasses, fluid Fn of laws Hnncﬂ'v fg:lc] compresses and Dvnnhla”v condenses-into a much
denser fluid (llquld) resultlng in the dlscontmulty at the liquid-gas phase boundary in Figure 2. In
thermodynamic equilibrium, the system consists of two co-existing phases - liquid and gas. The
fractions of the two phases can change within technical components due to pressure, volume and
temperature, PVT, changes.

— Fluid CO, in the P-T range between Figure 2, Key 3, 4 and 7 is often named liquid CO,.
— Fluid CO, in the P-T range below Figure 2, Key 3, 5 and 6 is often named gaseous CO,.
— Fluid CO, in the P-T range between Figure 2, Key 6 and 7 is often named supercritical CO,.

1) GERG 2004 is an example of a suitable product available commercially. This information is given for the convenience of users of this document and
does not constitute an endorsement by ISO of this product.
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Solid CO, in the P-T range above Figure 2, Key 4 and 5 is often named dry ice.

:2023(E)

— Dense phase CO, is not a thermodynamically defined phase, but a technical term, referring to fluid
CO, of high density. Densities characteristic for dense phase depend on the technically relevant

properties in particular situations, e.g. compressibility which is relevant for pumping
compression of fluid CO,.

or turbo-

Near to the critical point, the density difference between gas and liquid phase decreases and reaches
zero at the critical point condition, at which the two phases become one fluid phase.

In a supercritical fluid, a gradual, monotonic transition of properties (e.g. density in Figure 2) from
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ar to the critical point, above of the critical pressure and temperature, assmall increas
riables will cause a large increase in the density of the supercritical CO,~Th€ maximum o
hdients (response functions) form curves in the supercritical fluid regien; originating at t
nt, known as a Widom line. Heat capacity or isothermal compressibility are often used|
dom lines and to distinguish gas-like and liquid-like regions in the supercritical domain. W
isothermal compressibility and thermal expansivity are shown:in Figure 2, see Reference
ysical properties also show large gradients with pressurecr temperature near the crit
. viscosity, relative permittivity and solvent strength, which are all closely related to de
dom lines for these various properties vary in curvatureland deviate from each other as i
the two examples in Figure 2, see Reference [10]. Thesactual location of Widom curves is
the calculation model and methodology chosen, including not only the equation of state itse
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these curves. Therefore, it is important to understand that the trajectories of Widom g
pbendent on the physical properties of the relevant fluids.
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e particles is equal to those of fluid-like particles of a Lennard-Jones fluid - the fluid t}
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e.g. super-compressibility or latent heat can be effects to deal with in compression or heat transfer
installations. At higher temperatures (and pressures), the pressure (and temperature) dependency of
fluid properties declines. So much, that at pressures greater than about three times the critical pressure
(22 MPa for CO,) no “anomalous” fluid behaviour is observable and the system transforms continuously
from liquid-like to vapour-like behaviour.

Other structural transitions within supercritical fluids have been observed and regions of different fluid
properties have been distinguished, e.g. liquid, non-rigid liquid, vapour, ideal gas, and the transitional
Widom area. Rigid and non-rigid CO, are distinguished by the Frenkel line, see Reference [11]. While
shear waves can pass through the rigid fluid, they won't travel through the non-rigid CO, This
behaviour can be relevant for seismic monitoring of a CO, plume within reservoirs, for example. As
various experimental investigations and molecular dynamic simulations yield different Frenkel lines
for CO,, these are not depicted in this document which has a geotechnical focus. Further, polymorphic
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phase transitions have been observed in liquid and supercritical CO, within pressure and temperature
ranges relevant to CCS systems, see Reference [12]. Whether these recently discovered isomorphic
phase transitions within fluid CO, are of (geo-)technical relevance, is not known at present.

The physical properties of pure CO, are described by equations of state (EoS), which are mathematical
correlations that approximate experimentally determined fluid property data.

6.3 Modelling properties of pure CO,

Various equations of state have been developed for pure CO, and these have been included or coupled

to numer
tables acc
obtaining

condition$
large, ung
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6.4 Properties of impure CO, — Phenomena and their modelling

Onjce a (0, stream provided for transport and storage is not pure, its phase behaviouy, physical
anfl _chemical properties can differ significantly from that of pure CO,. Therefore, appropriate
th¢rmodynamic and transport properties of impure CO, are needed for flow assurance aralysis. As
a minimum, impurities will have an impact on the operating conditions of components designed to
maintain single-phase conditions, such as pipelines.

In Figure 4, the phase diagrams for thermodynamic equilibrium for pure CO, and a binary mixture
of CO, and N, (calculated using the GERG 2004 EoS, see Reference [15]) are plotted for comparison.
The equilibrium line for pure CO, widens to a two-phase field in P-T space in the case of the CO,-N,
mixture. The presence of impurities in CO, leads to a different critical point, compared to pure CO,.
The critical point of mixtures does not coincide with the maximum pressure and temperature of two-
phase coexistence. In the example of Figure 4, the maximum pressure (cricondenbar) is about 0,05 MPa
above of the pressure at the critical point, where both phase fractions are equal and the maximum
temperature for two-phase coexistence is about 0,5 K above of the critical temperature of the mixture.
This temperature is called cricondentherm. The shape of the two-phase region varies depending on
the kind of impurities in binary mixtures. The extent of the two-phase region generally increases
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with the amount of impurities. Within the two-phase region phase fractions and phase composition
vary systematically, when state variables change. The amount and type of impurities present can vary
significantly even for the same source, depending on the capture process operation and conditioning
of the CO, streams. Further thermodynamic equilibria, for which the phase envelopes have been
calculated, cannot always be achieved in dynamic flow situations.
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Figure 4 — Example of a phasée:diagram for pure CO, and a mixture with 6 mol % of N,

The properties of CO, streams)with impurities typical for CCS applications have not been studjed
by laboragory testing to thesame level of detail as for pure CO,. The availability of binary mixtyre
experimental data are (espécially for systems with light impurities) fair to good for phase bound3ary
condition$ (i.e. bubbleand dew point conditions) across the fluid range of conditions. However, what is
at large s¢arce or missing experimental data are bubble and dew point data on multi-component (0O,
streams. The absence of such data has in turn not made possible the ability to quantify the range of
uncertainfy of the calculations for multi-component systems, as well as phase fractions within the two-
phase regjon of binary and multi-component systems.

Models for mixtures of real gases for various ranges of conditions have been developed. One of the
advanced EoS for CO,-rich fluids is EOS-CG-2019, see Reference [16], including impurities relevant to
CCS: H,0, Ar, 0,, CO, CHy, H,, H,S, SO,, HCI, Cl, monoethanolamine and dimethanolamine. However, there
is no universal equation of state for CO, streams with all kinds of mixtures of impurities, that can arise
e.g. if CO, streams are combined in a transportation network. Also, because of limited experimental
data and various multi-component mixing models included in software for calculating thermophysical
properties, predictions of the properties of CO, streams can be subject to uncertainty and inaccuracy,
especially along phase-boundaries, close to critical conditions, and within Widom areas, where the
properties change rapidly. As in pure substances, Widom lines can be defined for mixtures as well.
Molecular-dynamic simulations for simple binary systems (noble gases) indicate that the situation
is more complex though and one or more lines can be defined, depending on the miscibility of the
components, see Reference [17]. The practical relevance of these findings is still a matter of ongoing
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research. These uncertainties and unknowns about supercritical fluid mixtures have to be considered
during design and operation of capture, transport and storage systems for impure CO, streams.
Eventually case-specific determinations of relevant properties of anticipated or sampled fluid mixtures
can be helpful.

Some design scenarios are subject to particular uncertainties in the accuracy of property prediction
and other design challenges, and can require special attention.

— The two-phase region, and phase transitions in general, present challenges for the handling of CO,
streams as phase fractions can vary considerably within two-phase regions and from flow regimes

that canbo described as e o mist dew foam abhubhlinog liguid orrain in iniection wells
ts) T T T O 1 4 J

—| The current flow assurance simulation packages have challenges to ensure stable splution in
resolving phase transition under some situations.

—| Estimates of pipeline running-fracture behaviour can be very sensitive to impurities in ljquid or in
dense phase CO, streams, particularly to presence of light impurities such as’H,. However, for gas
phase dominated situations (i.e. early in injection into deeply depleted, low-pressure gas flields) this
is less relevant.

—| The density of impure CO, streams expected from various capturetechnologies is ofter| expected
to be lower than that of pure CO,, which, in addition to the effeet of dilution, will redu¢e storage
capacities, especially in shallow reservoirs (800 m to 1 200/m in depth). Other, impurities can
elevate the density of CO, streams.

—| Insituations where ice, solid CO, or hydrates can pregipitate from CO, streams, EoS for flfiid phases
alone are not sufficient for flow assurance modelling/Phase-equilibrium algorithms can be used to
predict the formation of such phases, e.g. as implémented in TREND, PVTSim or Multiflagh™2), see
References [18] and [19].

—| The formation of a separate aqueous phasé&’by condensation of liquid water in a CO, strepm can be
significantly affected by the presence pf very small quantities (ppm range) of polar moledules. Both
phases can be mobile as a bulk tworphase mixture, but can still require attention. As sopn as new
phases are formed from a single-phase fluid, chemical substances fractionate between th¢ different
fluid phases and impurities canybecome concentrated in a minor phase. When water dondenses,
from a CO,-rich phase, the accumulation of SO, in the aqueous phase results in the formatipn of acids
that can be corrosive. In-addition to thermodynamic phase changes, new chemical substlances can
be formed by cross-chemical reactions between different impurities in CO, streams, sucl as strong
acids, or by reactions .0f impurities with or in a newly formed fluid phase. If relevant, predictive
modelling of suchjprocesses would require cross-chemical reaction and aqueous chemical $peciation
models and codpled transport simulation software, including chemical reaction kinetics.

Thie experimertaldata used for adapting the EoS parameters need to reflect the CO, stream composition
anfl the PT eenditions as closely as possible. This is pertinent where light impurities are pregent in the
CQ, streany, including H,, or polar molecules, such as water.

Compressors, pumps, or pipelines are often designed for single-phase flow or homogenepus phase

turesItis-an-engineering task toattain-and maintain continuity of such flg o-pghase flow
or counter-flow of two phases, for example, by treating gas streams using solutions of liquid solvents
for CO, capture, can exist in capture facilities, including the compression process. Two or three fluid
phases will have to flow through reservoir rocks (CO, stream, formation water and oil). In reservoirs,
in addition to fluid properties, reservoir properties also matter with respect to flow assurance, as
permeability and capillary forces affect flow through porous media. Thus, chemical and reservoir
engineers require further physical properties, relevant to their systems and components that are
not specifically addressed in this document, but still important for the overarching flow assurance in
integrated CCS projects.

a Jh-engaglnee ale ¥ a 0 nd _1mMaln ava ala OIA ALO=

2) TREND, PVTSim or Multiflash™ are examples of suitable products available commercially. This information
is given for the convenience of users of this document and does not constitute an endorsement by ISO of these
products.
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6.5 Individual impurities

6.5.1 General

Most CO, streams contain multiple impurities, and CO, from different processes and capture
technologies will have different combinations and concentrations of impurities. The number of potential
chemical reactions increases with the number of impurities, and the products of these chemical
reactions can cause problems such as erosion, corrosion and clogging. It is therefore important to
consider the compatibility of multiple CO, streams, including the full range of anticipated impurities at
relevant concentrations.

Subclause 6.5 briefly reviews common impurities in CO, streams typically encountered in CCS projeqts;
see Refergnce [20] for further details.

6.5.2 Water

Water (H,O) is likely to be present as an impurity in most CO, streams from any source? Water presents
few issueg as vapour, but it is a significant challenge if allowed to condense as a liquid in a CCS syster

=

Water car] cause corrosion and can form solids as either ice or CO, clathratehydrates. The dew point of
a water plhase and the properties of that phase can be significantly affected by other impurities present
in the str¢am.

Water conptent of a CO, stream is typically set to prevent the formation of an aqueous phase durlng
transportption in pipelines and vessel.

6.5.3 Njtrogen and argon

Nitrogen (N,) and argon (Ar) are both found as impuritie€s in many CO, streams due to their presencq in
air. Nitrogen is unreactive and argon is inert. Consequently, both impurities are generally unreactivg at
CO, transport and storage conditions.

Both nitrggen and argon are lower moleculartweight components than CO,, and so tend to increase the
bubble pojint pressure of a CO, stream. This)can increase the minimum operating pressure of pipelines
transportjng dense phase CO, streams,

6.5.4 Hydrogen

Hydrogen| (H,) is a commonCinpurity present in CO, streams from pre-combustion carbon capture,
such as affter steam reforming of methane or hydrogen production from hydrocarbons. Hydrogen is a
very small molecule and\accordingly presents unique challenges.

As with gther low miolecular weight non-polar components - such as nitrogen or argon - hydrogen
will increpse the-bitbble point pressure of a CO, stream, which will increase the minimum operatjng
pressure ¢f single phase/dense phase operation in a pipeline. Any gas bubbles that form, in the presence
of a liquid|phase, will tend to concentrate H, and therefore it will be at a higher partial pressure.

The two main modes where the presence of gas bubbles is likely are:

— during shutdown of a pipelines transporting dense phase CO, streams, where cooling of the pipeline
will lead to a reduction in pipeline pressure, ultimately creating bubbles at local high points;

— during shutdown of wells, at a range of reservoir pressures where the settled out well consists of a
liquid column with a small gas bubble at the top.

Hydrogen (and other components leading to an increased bubble-point pressure of the CO, stream) can
increase the risk of running-ductile fracture in pipelines where the fluid is in a dense or liquid phase.
Accordingly, this has pipeline integrity implications; see References [21], [22] and [23].

16 © IS0 2023 - All rights reserved


https://standardsiso.com/api/?name=fa486b22c64366422535eb86f5ec3e2b

ISO/TR 27925:2023(E)

6.5.5 Oxygen

Oxygen (0,) is a by-product of incomplete combustion or can result from air ingress and can accordingly
be present as an impurity in CO, streams from many different sources.

Oxygen is lighter than CO, and therefore will tend to increase the bubble point pressure of a CO, fluid
if present in sufficient concentration. It can also increase corrosion rates in the case of a free aqueous
phase.

—| Oxygen canreactwithresidual hydrocarbonsin areservoir, particularly heavy oils. Attemfperatures
above 120 °C, low temperature oxidation (LTO) can take place and, depending onhe prqperties of
the reservoir, lead to issues associated with this exothermic reaction. In hotteys reservyoirs, high
temperature oxidation (HTO) can take place where temperatures exceed approximately 200 °C.

—| There is also experience with oxygen encouraging the growth of sulfate-reducing bacterig (SRB) in
some reservoirs by stimulating growth of fermenting bacteria (facudtative aerobes) that provide
small organic molecules which in turn can be used by SRB as a caybon and energy sourcg. In some
reservoirs, there is the possibility of issues due to the action of SRBjleading to formation ¢f biofilms
that can compromise injectivity.

6.3.6 Carbon monoxide

Cafbon monoxide (CO) is a product of incomplete combustion and can potentially be pregent as an
impurity in CO, streams from many different sources.

Carbon monoxide is potentially toxic with significant impact on the human health. It is also lighter
than CO, and therefore will tend to increase ghe bubble point pressure of a CO, stream if present at
signification concentrations.

6.3.7 Methane and ethane

Mgthane and ethane are hydrocarbens most often present in a CO, stream where capture takes place
ditfectly from a hydrocarbon stream, for example, before combustion, such as direct capture from a
hyfirocarbon stream. The cangentration of methane in a captured stream is typically much higher than
that of ethane.

Mgthane and ethanettend to increase the bubble point pressure of a CO, stream when present at
signification concentrations.

6.3.8 Propane and other aliphatic hydrocarbons

As| with.méthane and ethane, there is the potential for heavier hydrocarbons to be predent as an
impurity in a CO, stream due to their presence in hydrocarbon fuels for combustion or withinfa process
fluidbeing treated. Typically, the concentration of these heavier hydrocarbons in a CO, stream is much
lower than that of methane or ethane.

In general, propane and heavier hydrocarbons are heavier than CO,, and will tend to decrease the dew
point pressure (or increase the dew point temperature) of the fluid.

6.5.9 Nitrogen and sulfur oxides

Sulfur oxides (SO,) such as SO, and SO3, and nitrogen oxides (NO,) such as NO or NO, are common by-
products of combustion and therefore present as impurities in many captured CO, streams.

Both NO, and SO, can be toxic with significant impact on the human respiratory system. NO, and SO,
can react with water, even where a free liquid water phase is not present. This reaction can result in the
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formation of strong acids creating a potential corrosion risk, e.g. in the pipeline, in particular after acid
condensation.

Strong acids can promote alteration of wellbore cements and rocks in storage complexes, dissolution
of primary minerals and the precipitation of secondary minerals in the pore space. SO,, if present at
significant level can lead to the precipitation of sulfate minerals that can reduce reservoir permeability;
see Reference [20].

6.5.10 Hydrogen sulfide

Hydrogenrsutfide{H;S)Ts—apossibleimpurity T gasesfronr pre-combustion tapture, aturat] or
industrial gas streams or in gases produced by biomass fermentation.

It can be foxic and potentially harmful to humans with significant impact on the respiratory system.
It can alsq have a detrimental impact on some storage reservoirs as a result of precipitatipn of sulfijde
minerals, such as pyrite, and subsequent loss of injectivity.

In the prgsence of a liquid aqueous phase, H,S can form an acidic solution that ean.lead to enhanged
pipeline cprrosion.

6.5.11 Carbonyl sulfide

Carbonyl $ulfide (COS) can be present in gases from pre-combustion capture. As with hydrogen sulfide,
it can be tpxic and potentially harmful to humans with significant impact on the respiratory system.

The potential impact of COS on reservoirs is not well understood. Under some conditions, it can|be
possible fpr COS to hydrolyse and create hydrogen sulfide, leading to precipitation of sulfide minerals,
such as pyrite. There is little research on the behaviour of €0S, and accordingly, it is not possible to rfile
out that CPS can possibly react directly with some minerals in some other way.

6.5.12 Ammonia

Ammonia| (NH;) is a possible impurity in captured CO, streams, either as carryover from ammohia
productiop or due to the use of ammonia 45 a solvent to capture the CO, itself.

Ammonia|can react with CO, and waterto create ammonium carbonate, and also with NO, or SO, ih a
similar way.

6.5.13 Amines

Amines afe often used as‘a-Solvent in post combustion CO, capture and there is potential for traceq of
the solvent to be carried-6ver into the CO, stream. The co-existing presence of water and certain types
of amined increases,the temperature at which dew point occurs compared to equivalent amountg of
water in gas phase.€0,.

6.5.14 Benzene, toluene, ethylxylene and xylene

BTEX (BTEX) are potential impurities within some captured CO, streams, such as from pulverised coal
power plants. Benzene is the most toxic of the BTEX chemicals and potentially harmful to humans.

6.5.15 Methanol
Methanol can be used in pre-combustion carbon capture and there is potential for traces of the solvent

to be carried over into the CO, stream. Methanol, at sufficient concentration, can form a liquid phase in
an otherwise gaseous CO, stream.
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6.5.16 Ash, dust, metals and other particulate matter

Solid particulates such as ash and dust can be carried over in the CO, stream from the combustion
or production process, particularly from cement and lime kilns. There is experience on capture plants
where trace solids from combustion have led to amine degradation, causing issues with the capture
process itself. If present, solid particles can have a detrimental impact on compressors, and they
also have hygroscopic characteristics concentrating humidity and possibly leading to under deposit
corrosion. Alkaline ashes, reacting with H,0 and CO, can form solid deposits of hydroxides, bicarbonate
and carbonate minerals (see also 6.6.8). Particulate matter can also impact reservoir properties,
especially in the near well bore environment.

6.3.17 Naphthalene

Naphthalene is a potential impurity, in very low concentration, from some sources; of CO,|including
pujverised coal power plants. On its own at room temperature, naphthalene is-a|ctystalline solid. It
reqdily dissolves in dense phase CO,, and it can be possible for dissolved naphthfalene to precipitate due
to frhanges in temperature and pressure.

6.3.18 Volatile organic compounds

Volatile organic compounds (VOCs) include multiple compounds: férmaldehyde, acetaldehyde} dimethyl
sulfide and ethanol. They can be present as impurities as waste from some processes such as biomass
popver plants and can also be a product from amine degradation. Some VOCs are harmful, although not
aclitely toxic, and can have compounding long-term health/effects. As polar molecules, they can also
interact with other polar impurities such as water, possibly leading to condensation of a liquid phase
under some conditions when at high enough concentrations.

6.3.19 Chlorine

Chjorine (Cl,) gas is a potential impurity within some captured CO, streams, such as from c¢ment and
lime Kilns. It is a toxic substance and potentially harmful to humans with significant impgct on the
regpiratory system. Chlorine is one of-the most reactive chemical elements and thus is likely to react
with other impurities in a CO, stream, e.g. promoting corrosion of iron in the presence of H,0|

6.3.20 Hydrogen chloride, hydrogen fluoride and hydrogen cyanide

Hydrogen chloride (HCI), hydrogen fluoride (HF), and hydrogen cyanide (HCN) are sometimes present
as[traces in some CO,p-streams, such as from coke formation or raw syngas, post-gasification| All three
compounds are toxicarid will form acids in combination with water, although a free liquid water phase
is required. Hydrogen cyanide is the most toxic and can induce metabolic asphyxiation in|sufficient
copcentration.

In [saline _aquifers, hydrogen fluoride will form a weak acid that dissolves silicate minerals|and even
quprtz, @-main mineral in many reservoir rocks that is otherwise rather inert even to the e¥posure to
stijong acids.

6.5.21 Glycols

Glycols, such as triethylene glycol (TEG), are commonly used to dehydrate the CO, stream by adsorbing
water. It is possible for trace amounts of glycol to be carried over into the CO, stream.

The co-existing presence of water and glycols increases the temperature at which dew point occurs
compared to equivalent amounts of water in gas phase CO,. In addition, present glycols like TEG will
form separate liquid phase in absence of water in gas phase CO,. This can generate an aqueous corrosive
phase at water concentrations far below the solubility limits reported for pure CO, (see 6.6.2).
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6.6 Effects of reactive impurities — Phenomena and their modelling

6.6.1 General

The co-existence of some impurities can have chemical reaction potentials under certain flow and
temperature conditions, in particular, in the presence of water in the CO, stream. Some products

from thes

e chemical reactions can be very corrosive to pipe and well materials. Understanding and

modelling these chemical reactions is important for the integrity of the transport and injection system.
For a given transport and injection system, based on the CO, source specifications, one needs to begin
with modelling the steady-state transport and injection process to quantify the distribution of various

impuritie
be evalua
tools can
the momsd
impuritie

6.6.2 Formation of corrosive aqueous phases

Pipelines

b in the transport and injection system, from which the chemical reaction potentials \;till
ted. Then, the corrosion process can be assessed. For transient process, the flow assuraince
provide the predicted information on the composition variations with time and(3pace.|At
nt, it is not possible to simulate transient flow behaviour and chemical reactiontof*differ¢nt
b in a completely coupled way.

hnd tanks in ships are usually made of carbon steel. If the carbon stéel surface is wetted by a

water containing phase the question is not if corrosion will take place, butatwhat rate. The corrosjon

rate of ca
pipeline s
acceptabl
condense

Fbon steel exposed to aqueous phases and CO, can be high (several mm/y) and keeping the
ystem ‘dry’ is therefore essential for the safe operation of alCO, pipeline network. When the
p water contents in CO, streams are discussed, it is usualljrargued that no aqueous phase will
and cause corrosion as long as the water concentration 1S well below the solubility limit. The

water sol{bility in pure CO, (see Figure 5) is more than 1 000,1hl/m3 in the temperature and pressyre

range rel
confirm v
range; seq

bvant for pipeline transportation, and both laboratory experiments and field experience
bry low corrosion rates for pipelines where the water content is in the 20 ml/m3 to 650 ml/m3
References [24] and [25].
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Thle watersolubility is strongly affected by impurities in the CO, stream. The change in solu
nof be vety large if the impurities are inert (not undergoing chemical reactions) and non-co
as|for instance Ar, N,, H, and CH,. A much larger effect is observed when impurities are u
chémical reactions fm*ming new prndnr"rc and phncpq It has been shown pypprimpn‘rn]]v th

Figure 5 — Water solubility in CO, as a function of pressure and temperature
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phases can form at water concentrations less than 100 ml/m3 when small amounts (<100 ml/m3) of
impurities like SO,, NO,, H,S and O, are present. These impurities can react and form elemental sulfur
and strong acids giving aqueous phases with high concentrations of dissolved sulfuric acid (H,SO,) and
nitric acid (HNO;); see References [27] and [28]. Aqueous phases can also form more easily when salt,
glycols, methanol or ethanol are present. These impurities will absorb water and generate an aqueous
corrosive phase at water concentrations far below the water solubility limits reported for pure CO,
and only water. Alkaline substances like amines and ammonia will also facilitate formation of aqueous

phases, but the corrosivity will be lower as the pH will be higher.
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6.6.3 CO, specifications

A number of CO, specifications for maximum impurity concentrations have been published and an
excerpt showing the tentatively most reactive impurities (H,0, H,S, O0,, NO,, SO,, CO) is shown in

Table 1.
Table 1 — Published CO, specifications for maximum impurity concentrations
. Goldeneye/ . Reference
Dynamis NETL (for CarbonNet Northern lights .
Component 29 : 30 . 311 | Peterhead 2014 34 experiment
2008[291 | design) 2013[39 | project 2016[31] (201611331 20190341 28 oC
ml/m3 ml/m3 ml/m3 ml/m3 ml/m3 10 MPa
H,0 500 500 100 50 30 122
H,S 200 100 100 0,5 9 130
co 2000 35 900 to 5000 10 100 0
20000 to
0, <40 000 10 50 000 1(5) 10 275
SO, 100 100 250to 2500 10 10 96
NO, 100 100 200to 2000 10 10 69
Key
NETL: Natiopal Energy Technology Laboratory

The most

Reference
conceptug
specificat

cited CO, quality specification was suggested in theYDYNAMIS project in 2008; s
[29]. Reference [30] give CO, stream specificationsfor the impurity limits to be used
1 design of carbon steel pipelines. These specifications were based on a review of 55 (
ons found in the literature. The Australian CarbenNeét Project published in 2016 a preliming

CO, specification for its hub-based carbon capture and“-storage network; see References [31] a

[32]. The
corrosion
requirem

It is impo
projects ¥
experime
“Referenc

imits given for the various impurities in the specifications are not only based on the risK
and formation of corrosive phases but aré also based on HSE (toxicity limits) and reserv|
Pnts.

rtant to note that the specificatiens’detailed in Table 1 were intended to be used in act
vithout further refinement. When the specifications were published, they had not bg
ntally verified. The last column in the table shows a CO, stream composition denof
e experiment”. This compesijtion, which is stricter than that of the Dynamis project, has b¢

ee
for
0,
\ry
nd

of
pir

1al
en
ed
en

tested at |FE; see Reference [27]( TesSting at 25 °C and 10 MPa showed that the impurities in the (O,
stream repcted and formed substantial amounts of sulfuric acid, nitric acid and elemental sulfur, i.e.[an
environment that is highly cérrosive for carbon steel. At lower temperatures, the formation of separgte
corrosive faqueous phasesfis)éven more likely.

Table 1 shows CO, specifications proposed for actual CCS projects, i.e. the Peterhead in Reference [$3]
and Northern Lights‘in Reference [34]. The project specifications are much stricter than the genejral
recommehdations>given in the NETL columns. Most of the low limits are a result of the captyre
technologly giving low impurity concentrations anyway, but to achieve for instance the low O, contg¢nt
will most ptebably require additional cleaning steps. Material testing with CO, impurities can resulfin
a need for erther Jower concentration speciiications or Introducing critical plant operating procedures
including during plant upsets or recommissioning of equipment to adequately manage any threats
resulting from such impurity concentrations, or both.

6.6.4 Modelling of formation of corrosive aqueous phases

Defining a safe but non-conservative operation window for a CO, transport network is more challenging
than for a single transport line from one source to one sink. The number of possible impurity
combinations and operational conditions (pressure, temperature, flow velocities) can be huge when
CO, streams with different compositions are comingled. Due to lack of data, there are presently no
publicly available models that can predict the precipitation of aqueous phases when reactive impurities
are present. The lack of data was recognized in the first ISO standard for CO, transportation, ISO 27913.
In ISO 27913, it is stated that: “Since the maximum (allowable) concentration of a single impurity will
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depend on the concentration of the other impurities, it is not possible due to lack of data and current
understanding to state a fixed maximum concentration of a single impurity when other impurities are,
or can be, present”. ISO 27913 therefore recommends referring to the most up-to-date research during
pipeline design.

Experiments have shown that the concentration limits for reactions and corrosion to occur vary
strongly with the type and number of impurities that are present and the prevailing temperature
and pressure conditions. Certain impurity combinations are practically inert (slow reaction kinetics)
even though cross-chemical reactions between them are thermodynamically possible. It is important
to understand the trigger and control mechanlsms for such reactlons i.e. the formatlon of elemental

sul > e possible
fojmation of aqueous phases for comblnatlons of 1mpur1t1es that have not been tested expe lmentally,
it uch work
is e ], Il and

[1I) at the Institute of Energy Technology (IFE) in Norway, where a thermodynandic,model of chemical
rejctions in dense phase CO, is being developed in cooperation with OLI Systein¥’'in the Unifed States
of [America (see Reference [28]). For reliable simulations of reaction rates, Kinetic literature data
ar¢ lacking for relevant reactions at temperature and pressure ranges typically encountered during
pipeline transport. A simulation attempt using and adapting Kinetic literature data from atfnospheric
reactions and combustion processes, revealed that any H,0 in the COg-stfeam will form inorganic acids
within seconds to minutes if either SO, or NO, or both, are available;while the oxidation of $0, to SO5
anfl the direct oxidation of H,SO5 to H,SO, by O, appear to be too slow to be of any crediple threat
throughout the timescale of any pipeline transport system (see Reference [2]).

6.6.5 Depressurisation and impact of reactive impurities

In [CO, streams where the impurity levels are tooJew for the formation of corrosive aqueoys phases,
su¢h phases can form during depressurisation via the gas phase or due to temperature changes. Below
th¢ critical temperature, depressurizing of C@,*to the bubble-point pressure results in a fwo-phase
ga$/liquid system and impurities will partition between the two phases. Water and othef reactive
impurities with lower solubility in the gas.\phase than in the liquid CO, phase accumulate infthe liquid
CO, phase and a corrosive aqueous phase can form if the water solubility limit in the liquid £O, phase
is exceeded. Corrosion after depressurisation has been demonstrated in laboratory experiments, see
Reference [36]. To enable quantification and prediction of the corrosivity after depressurisation, more
soljubility and partitioning data'for the water - dense phase CO, system is needed.

<)

6.9.6 Corrosion issues in' CO, injection wells

Itis prudent to ensure €0, injection wells are designed with corrosion resistant alloys that ar¢ resistant
to [pure water and\GO, corrosion. A challenge for wells connected to a large transport netyork is to
enpure they carlcope with a range of CO, arrival rates within the limits of the capture plant apd surface
eqpipment. During transient (batch wise) injection and shut in, the CO, stream and often highly saline
fojmation‘water can occasionally mix in the bottom of the injection well and pose a potential[corrosion
preblenmparticularly when impurities are present in the CO, stream. The impurities willf partition
to [the water phase at this point, water will dissolve and saturate the CO, phase and the temperature
Wi] increase - due to heat transfer from the reservoir When the hl}'\lnrr material is nvpnc d to Such
environments with high chloride content, pitting corrosion and dlfferent types of cracking can become
a problem, see Reference [37] particularly if O, and H,S are present, see Reference [38]. To avoid these
problems, corrosion-resistant, highly alloyed steels can be used for the perforation and the other parts
of the well tubing potentially in contact with formation water during injection stop.

6.6.7 Monitoring reactive impurities in the CO, stream

Routine analyses will be required to verify that the CO, stream compositions comply with the approved
CO, specifications for the pipeline transportation network and the storage site. A monitoring plan
including sampling procedures and instrumentation is a key component for any such verification.
Recognizing and where possible, addressing the challenges of multi-phase sampling, real-time
measurement techniques that are needed to enable monitoring of CO, compositions at strategic
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locations along the pipeline network and quickly take mitigative actions in case a CO, source or capture
plant delivers CO, out of specification or CO, out of specification is detected in the pipeline network.
A challenge will be that chemical reactions and phase transitions of the CO, stream can lead to an
increase in concentration of impurities in separate liquid and solid phases that are not represented
by the samples taken from the bulk phase CO,. Depending on the pressure and temperature
(controlling the density of CO,), the products can be lighter or heavier than the bulk CO, phase. The
practical sampling locations will have to be evaluated for each system taking into account pressure,
temperature and actual flow conditions. For example, one approach can be to sample from the top
position (light components), middle position (bulk phase), and bottom position (heavy components);
see Reference [26]. Understanding the kinetics of the impurity reactions and the formation of separate
phases is [mportant when monitoring data are interpreted.

6.6.8 Particle, wear and clogging

Formation of solid particles due to corrosion or redox reactions in the CO, stream (e.g. sulfur from H,S,
SO, and (,) can have severe consequences for the pipeline, but perhaps even more so'at'the interface
between the transport and the storage system. The particles can cause wear, clogging and reduded
injectivity. The amount of sulfur that forms when e.g. 5 ml/m3 H,S reacts and férms elemental sulfur
adds up tp about 3 500 kg per year in a pipeline transporting 1 billion kg of €0, per year. A crudial
question yill be how much sulfur can be dissolved in the CO, stream before‘precipitation and to whjch
degree the corrosion products stick to the wall or become mobilised. Some products can grow on the
wall for allong time and eventually spall off. Such products can formylarger flakes (on the millimefre
scale) while other products are more dust-like and detach easily. The safest way to minimize the imphact
of sulfur gnd corrosion products is to prevent formation of aqueous.corrosive phases.

Furthermﬁre, if an internal lining is applied, the material mustbe qualified for compatibility with (O,
streams ajnd the ability to withstand relevant pipeline deconipression scenarios.

6.7 Mof(lelling of CO, stream properties in commercial flow assurance tools

6.7.1 General

Modelling of CO, streams properties and dynamics is a reoccurring task for engineers responsible for
designing|and operating different components and systems in an integrated CCS project.

Chemical [and process engineers-for capture facilities, pipeline and flow assurance engineers for
transportption, completion engineers for injection wells, and reservoir engineers for storage all hgve
their spedial simulators, such-as ASPEN Plus, OLGA, LedaFlow, ECLIPSE, or TOUGHII3). Thermodynaric
simulatioLtools such as MuiltiFlash and PVTSim Nova®), are also used by flow assurance engineers to
generate input (files) for(multiphase) flow simulation.

These dedicated software packages dealing with coupled dynamic thermal, hydraulic, mechanical gnd
chemical [THMC)\processes are well suited for individual systems or components, but often they are
poorly cohnected-to the neighbouring systems, e.g. by source and sink-terms only, or by very simple
modules qr tabulated values.

An overarching flow simulator for CCS networks does not exist, though. Theoretically, it can be
facilitated by combining the results of simulations of the individual components of the system. Network-
management approaches using simple tank- and cascade models can be a more practical way to manage
flow along the entire chain including various entities and operator simulation parts of the CCS project.

All software packages, e.g. MultiFlash and PVTSim Nova, have in common, that for the simulation of
THM-processes, thermodynamic properties and phase behaviour as well as transport properties

3) ASPEN Plus, OLGA, LedaFlow, ECLIPSE, or TOUGHII are examples of suitable products available commercially.
This information is given for the convenience of users of this document and does not constitute an endorsement by
ISO of these products

4) MultiFlash and PVTSim Nova are examples of suitable products available commercially. This information is given
for the convenience of users of this document and does not constitute an endorsement by ISO of these products.
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need to be known or calculated according to local state variables. In addition to the general physical
properties described in 7.1 to 7.3 and in Reference [20], some properties of special interest to flow in
pipes are described in 6.7.2 to 6.7.4, before flow assurance modelling in pipes is dealt with in detail.

6.7.2 Joule-Thomson effect

Whenever a real gas or liquid expands freely through a valve or throttling device, such that no heat
is exchanged with the environment and no external work is extracted, the fluid will experience
a temperature change. This is commonly referred to as the Joule-Thomson effect as expressed in

Formula (1):
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required at pressure and flowrate-control valve locations and during pipeline depressuriz
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Myt is the Joule-Thomson coefficient, expressed in °C/kPa;
dT isthe temperature change;

OP isthe pressure change;

h s the constant enthalpy.

pvided that the gas temperature is in the region below the inversion curve (where

Sitive to negative), an expansion will lead to coolirig-of the fluid. As dP is negative, by
Fing an expansion, and yy is positive below the in¥ersion curve, oT must be negative for t}

be valid.

ambient ground or reservoir conditions, fluid CO, tends to have a large Joule-Thomson c
e Reference [39]. Significant temperature variation can be observed in a system with largg
iations. If pressure or temperature ake increased from these ambient conditions, the Joule
pfficients decrease. Special attention to the Joule-Thomson effect in a CO, transport

pssurization operations. Thetamount of cooling during isenthalpic decompression can H
m thermodynamic diagrams, such as pressure, temperature enthalpy diagrams (Figure
pction of CO, under high pressures into depleted reservoirs i.e. at low reservoir pressure at
O, injection, can also bé problematic as in reservoirs where aqueous fluids are present, ga
1 form and reducethé reservoirs’ injectivity.

)

boes from
definition
e formula

pefficient;
pressure
FThomson
system is
ation and
e derived
6). Direct
beginning
b hydrates
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Figufe 6 — Joule-Thomson coefficient of CO,.as;a function of pressure and temperature

Joule-Thompson coefficients for CO, can become negative at low or high temperatures and at high
pressure.|The Joule-Thompson inversion curve encloses a p-T range within which decompression
results in|cooling, while outside of it, fluidsjheat up. Joule-Thompson coefficients and inversion curyes
are affectpd by impurities. Inversion curves for CO, and N, are published in Reference [40].

6.7.3 Viscosity

Viscosity |s needed to calculatethe pressure drop in pipes, in the design of processing equipment gnd
in subsurface reservoir flow: The viscosity of CO, streams is proportional to pressure and inversply
proportiohal to temperdture (see Figure 7).
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Figure 7 — CO, viscosity (10-5 Pa:s)as a function of pressure and temperature

e viscosity of a CO, stream can be reduced, e.g. by either Ar or N,, or both.

Vigcosity is an input parameter in‘ealculations of inlet and end-of-the-pipe pressures and t¢ evaluate
th¢ necessity and spacing of compression stations. For fully turbulent flow (which will be tHe case for

cting fluid CO, streams of high density into warm reservoirs can lead to a decrease of v|scosity at

e that the vis€osity of dense-phase CO, can be lowered at pore scale by some impurities sjuch as N,,
0,[and Ar and_that lowering can affect the migration of the CO, stream in the reservoir. Depending on
the reservainstructure (spill point, layering, heterogeneities, etc.), changes of viscosity can Jead to an
inqrease er‘decrease of dynamic storage capacity.

In natural gas reservoirs, the viscosity of CO, streams is affected by mixing with residual

nitroese cuny OV FIS€OSIty-—© O €3 a wae

pases, e.g.
SeH4 2 ; —Giv lower the
viscosity of CO, streams, no negative geo-mechanical impacts are expected from viscosity. Furthermore,
hydrogen causes a similar effect, while such an effect is lower for oxygen and water.

However, if a fluid phase encounters and displaces another one, viscosity contrasts become important,
as they impact the shape of the contact surface between the two fluids. Viscous fingering is a result
of such contrasts, when CO, streams are injected into oil- or brine-bearing reservoirs. Depending on
the reservoir geometry, viscous fingering can enhance storage efficiency. Geometry of reservoirs, their
heterogeneity and the interplay between gravity and viscosity forces determines the shape of a CO,
plume in a saline aquifer, see Reference [41]. Reservoir simulations can aid predictions about the plume
shape and spill points that can be encountered by an expanding plume. If a plume comes close to a spill
point, the permitted storage capacity can be reached or measures for plume steering can be taken in
order to increase storage efficiency, and hence keep the CO, stream flowing into the reservoir. Thus, a
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good knowledge of viscosities of CO, streams and brines under reservoir conditions is important for

managing

and assuring flow within saline aquifers or oil fields.

6.7.4 Flow assurance simulation for CO, transportation in pipes

The commercial flow assurance tools, such as OLGA and LedaFlow>) were developed for oil and gas
production and transport systems. There are three different ways to handle physical properties of
fluids in these commercial flow assurance tools: table files, black oil model and composition tracking.

— Table files capture thermodynamic and property data in a look up table, with either PT as the

indep|
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key a
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prope

Itisp
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due t¢ the memory available to these applications. It is possible afid reasonable to build fluid ta
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et variables, or pressure-entiatpy tPH)- The PH formulation s gemeratty bettersuited
ling of CO, with impurities, as properties change vary rapidly in the PT domain near eert
reas: the bubble point, the critical point and the Widom lines.

files offer great flexibility for modelling of CO, with impurities, as the tableddta can
ated from any thermodynamic package. This gives the engineer the ability’to select {
priate thermodynamic package and equation of state and tune the EoS to bést match the flj
rties under consideration.

bssible, and preferable, to create very large fluid table files with very fine graduations in the
scales, which reduces rounding error where properties change rapidly. There is no inher

vith thousands, or tens of thousands, PT or PH datapoints:

hgineer can also consider replacing thermodynamic data'in a table file with dummy data. So
ic operating cases - such as flow in a well very close‘to the critical point - are very unsta
tools OLGA and LedaFlow. Use of dummy data ¢animprove stability such that results can
ate, at the expense of the errors that have been\deliberately introduced through this proce

ling of very complex liquid mixtures such as crude oil. Therefore, its use for CO, applicatig
sidered limited and any use in CO, applications proceeds with caution.

ositional tracking is required where the composition of the fluid will change, and the mo
to consider the changes intcomposition. A simple example is initial start-up of a pipeli
e the CO, is introduced to¢the pipeline for the first time, and where the engineer is interest
distribution of CO, throughout the pipeline over time, as it displaces the original fluid.

ositional tracking,dagwever, can leave very limited flexibility for thermodynamic modell
he common comingercial simulators. The equations of state that are applied to compositio
ng modules iri\the tools OLGA and LedaFlow are limited to a very small number with limit
i to tune theSe EoS.

ling ef~€0, streams can sometimes not be possible when using some commerq
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acceptable within acceptable uncertainty ranges for selected methods. Thus, predictions| of
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bsitional tracking models developed for the hydrocarbon industry, however, they can
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lack oil model, applied in some flow assutance modelling packages, is intended to simpllify
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be subject to significant error in many operating cases of interest outside acceptable uncertainty
ranges for selected models.

Despite this significant limitation with the utility of compositional tracking, they do offer
improvements in numerical stability for most complex modelling cases compared with using fluid
table files. For this reason, compositional tracking can be the primary technique employed for flow
assurance modelling of CO, with impurities, with table files only used to confirm results and to
deliver targeted simulations.

5) OLGA and LedaFlow are examples of suitable products available commercially. This information is given for the convenience of users of this document

and does not constitute an endorsement by ISO of these products.
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As described above, a range of thermodynamic modelling approaches are available, including tuning to
experimental data, where available, for modelling CO, streams with impurities.

Modelling two-phase reactive transport within storage formations including various fluid components,
gas and aqueous phases as well as interactions with a chemically heterogeneous matrix is possible.
For this, tracking of CO, stream composition is indispensable when CO, is injected into geochemically
reactive or depleted natural gas reservoirs and predictions of the expansion and migration the CO,
plumes have to be modelled. Various simulators have been developed, originally for simulations of
groundwater problems in the aquatic environment. Coupled THMC simulators are available today for

reservoir simulations.

Various challenges and limitations restrict the reliability of predictive simulations of suc]ll complex

problems. These challenges and limitations include:

—| coupling of the formulae;

—| numerical and computational limitations;

—| equations of state for fluid mixtures in porous media;

—| adequate representation of natural heterogeneities in numerical‘\wodels, varying over|orders of
magnitude on various length scales;

—| macroscopic porosity-permeability relations, representing microscopic pore scale geometry and
capillary forces in a geotechnically meaningful way;

—| equations of state for two-phase mixtures;

—| relating mass transfer of geochemical reactionst6’changes of permeability and porosity df the solid
porous medium;

—| uncertainties in geochemical equilibriuni et reaction rate constants; especially for silicates of slow
reactivity, long-term predictions are yéby uncertain; various databases are available, with ranges of
experimental validation differing for.various chemical species;

—| invalid assumptions of local cHemical equilibrium in reactive transport simulations;

—| kinetics of dissolution/partitioning of impurities between different prevailing fluid phases.

Giyen these uncertainties,flow assurance evaluations in reservoirs are best performed through

indorporating the results of laboratory experiments, monitoring of the CO, stream migration and

regervoir pressures, production histories of hydrocarbon reservoirs or studies of natural andlogues, in
orgler to validatenumerical simulations.

7 | CO, pipeline transport and well injection

Thie nfain scope of the flow assurance study for a CO, pipeline transport and well injecti¢n system

inqlude the following: T

— determining the best system configuration to comply with the requested hydraulic capacity and
reservoir requirements;

— defining the allowed operating envelope of the pipeline transport and well injection system in terms
of flow rate and operating conditions;

— management of transient operations, such as those caused by varying injection rates, varying CO,
stream supply, slugging, surge, start-up and shutdown;

— thermal management under various operational scenarios to ensure that the variations of fluid
temperature are within the operating constraints of the systems;

— hydrate management and control;
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— planned and unplanned de-pressurization of the systems, such as that resulting from a pipeline
rupture, well blowout or controlled venting of pipeline and equipment during maintenance activities,
these need special attention to ensure safe operation; and

— equipment, pipeline and well integrity failure mechanisms such as corrosion, material fatigue and
embrittlement.

7.1 Operation under single-phase flow conditions

7.1.1 General

The operation of a CO, pipeline transport and injection system under single-phase flow conditigns
means that the CO, stream is in a single-phase state (gaseous, liquid or supercritical fluid) in€he’whple
system. Tlhe physical models to describe the thermo- and hydrodynamic behaviour of ‘these three
different fluids are identical.

The main|tasks of flow assurance of CO, single phase flow in pipeline and well-aré“to compute the
following

— transport and injection capacity for a given pipeline, well and storage system;
— tempgrature, pressure and composition distribution along the pipelines and wells;

— translent behaviour of the flow during the operation for shut;if and restart in pipeline and wells,
fluid hammering, and pipeline packing.

The assespment of the transport and injection capacity is carried out to optimize the system design|. It
is assumef that the reservoir is available with a given injectivity, reservoir pressure and temperature.
For a givgn transport distance, one then needs to detérmine the pipeline geometry (diameter, wall
thickness], select the boost capacity, as well as the-namber of wells and the well geometry. This dan
be achieved by a hydraulic study of the CO, pipelines and wells. The complete hydraulic study of the
pipeline transport and injection system normally includes hydrodynamics (pressure gradient) and
heat tranffer (temperature) together with the thermophysical properties which are functions| of
compositipn, temperature and pressure. The.composition distribution is an important input to the flyuid
property guantification as well as for the assessment of flow assurance risks such as corrosion, hydrate
formation, chemical reactions, etc.

The existing flow assurance tools_developed for the pipeline transport and production of oil and gas
have all r¢levant functionalities and physical models implemented that are needed for modelling of O,
single-phgse flow in pipelinesiand wells, see Reference [42]. The physical models in these tools covert

— frictignal pressure-drop;

— heat fransfer between the CO, stream inside the pipe and the surroundings, including rock or doil
for a puried pipeline or well (convective and conductive heat transfer);

— comppsitional tracking to quantify the concentration of the individual components of the (O,
streant;

— physical properties needed to calculate the thermo-and hydrodynamic behaviour of the CO, stream.

In these existing flow assurance tools, the physical models for the frictional pressure gradient, heat
transfer and physical properties are implemented in a coupled way, and these tools can handle both
steady-state and transient flow behaviour of a CO, stream in a single pipe as well as in a network of
pipelines and wells. These existing flow assurance tools include models for pumps, compressors and
valves. As concluded in References [42] and [43], the physical models in these flow assurance tools are
valid for single-phase flow of the CO, in a pipe. The validity of the models for pumps, compressors and
valves still needs to be confirmed with dedicated operational experience or laboratory data.

The flow assurance tools include the 1996 Span and Wagner (S&W) EoS for pure CO,, which gives an
accurate prediction of the thermodynamic properties (e.g. density, heat capacity). They also include
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a number of different EoSs, which have varying performance in predicting the thermodynamic
properties of CO,-rich mixtures. The uncertainties of these EoSs need to be quantified with dedicated
experimental data or by comparison with reference EoSs, where available. Based on quantified

un

certainties, operational window is developed with margin against phase envelope.

When using the existing flow assurance tools, some issues for close consideration include:
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the uncertainty of physical properties of CO,-rich mixtures can be large for certain situations;

the models for pumps, compressors and valves need further validation;

the coupling with the flow near well-bore reservoir is handled;
flow assurance tools do not cover the reservoir.

7.1.2 to 7.1.4, the pressure pulsation due to the fast closure of a valve (fluid hammer) and
ociated with shut-in and restart are discussed in detail.

.2  Fluid hammer

y change in flow velocity in a pipeline induces a change in pressure; The sudden shutdown
closure of a valve causes fluid transients, which can involve large pressure variations
ves), including local cavity formation, distributed cavitation,(bubbly flow), hydraulic and

ce a pressure wave is generated, it will travel towards.the system boundary and then be
e first pressure surge amplitude due to sudden velogity variation can be estimated by
pposed in Reference [44]. The pressure wave propagation in the system can be simulateg
 existing flow assurance tools, see Reference [42}.

most situations, there is very little effect ofithe valve closing on the pressure surges until
ess than approximately 10 % open. Thisis associated with the fact that the valve open|
be small enough before there is any significant pressure drop across the valve and corr¢

ve and pump.

.3 Shut-down of pipeline-and well

fore a shut-down operation, the fluid temperature distribution along the transport and
e depends on the flowrate and the inlet and surrounding material/fluid system temperaf
sting flow assurahce tools can be used to estimate the pressure and temperature distr
b CO, stream din)pipelines and wells. The CO, stream during normal operations is not i
ilibrium with the surroundings. The shut-down operation will introduce variations of
hperaturenand pressure distribution, and in some situations, it can trigger unstable fl
tem.

shut-down operation of a CO, pipeline transport and injection system can be achieved by

rations and excessive flow oscillations. This phenomenon is€alled the fluid hammer effect.
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closure of pipeline and well separately and at the same time, which can be carried out by:

closure of the valve at the pump/compressor location and the wellhead valve at the same

time;

closure of the valve at the pump/compressor location, the wellhead valve and the bottom hole choke

at the same time;
closure of pipeline and well at the pump/compressor location only;

closure of single wells without closure of the rest of the system (for multiple-well syste
can be carried out by closure of wellhead valve.
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Some of the events to be avoided during pipeline shut-down and start-up operations include:
— over-pressure in the pipeline;

— pressure depletion or unstable flow in the system such that two-phase flow or back flow into the
well occur.

Due to the natural geothermal gradient, an increase of the formation temperature along the well
path is likely. Even under steady-state injection operation of CO, stream in well, thermal equilibrium
between the CO, stream and surroundings is unlikely to be achieved. If the CO, injection is stopped, the
temperature of the CO, stream in the well will increase to formation temperature. Frequent shut-in and
restart opgerations can therefore lead to large temperature variations in the well casing material, whjch
can cause[thermo-mechanical stress on the well infrastructure, see Reference [3].

issue associated with shut-in of CO, wells is the potential for increasing température gnd
over-presfurization in the well. If shut-in of an injection well is conducted by the closuneof valves gnd
chokes at poth well head and downhole, the temperature of the fluid between these two, valves is likgly
to increade during the shut-in period. Heating of single-phase CO, fluid leads potentially to pressire
increase due to thermal expansion. However, this pressure increase due to thermal‘expansion betwgen
closed valves depends on the downhole valve specification and condition. Generally, the downhole valve
is specifigd to be partially open during shut-in, potentially relieving pressure accumulation betwgen
valves.

In wells cpnnected to saline aquifers with an open down-hole valve/héating will not lead to a pressire
increase 4s CO, can flow into the reservoir. Dissolution of CO, in{thé formation water can reduce the
pressure |n wells and cause formation water to enter into theihjection piping. The amount of wafer
entering fhe wellbore depends on the reservoir parameters near the wellbore and the injection time
before shyt-in. In addition, the water can also dissolve inte-the CO,, and water molecules can migrate
into the wiellbore via a dissolution process.

In an offshore pipeline transport and well injection system, there are commonly at least three valves/
chokes lofated at the pumping/compression stations (either offshore or onshore, or both), wellhgad
and downhole. Different closing procedures and protocols for such valves/chokes can have different
consequehces resulting in different pressure’and temperature behaviour during the shut-in peripd.
Thereforg, to control such behaviour, shutiin’procedures tailored to the specific system can be requirgd.
In additioh, a proper procedure for partial depressurization can be needed if the pressure exceeds the
pipeline or well structure integrityrequirements. During the shut-in period, pressure build-up in the
annulus (between casing and injection tubing) can occur in the case of well shut-down operations. Sych
annuli ar¢ normally filled with water/MEG or other fluids. Under offshore operational conditions, the
fluid temperature in the annudus is normally close to the CO, stream temperature in the tubing and will
be lower fhan the ambienttemperature in the rock. During the shutdown period, the fluids in the well
and annulus will be hgatwp. The heating process will depend on the length of the operating period of
the well grior to shutsin. A long injection time is likely to result in greater cooling of the surrounding
rock and in turn wilDresult in a longer period to heat up the well fluids during the shut-in period.

If the prefsure‘increase exceeds the maximum allowable design pressure of the casing, there will|be
a need to|release fluid from the annulus, this can be achieved either by a service line connecting the
annulus or by utilizing different fluids In the annulus, e.g. N,. An accurate assessment of the pressure
increase can be done with the temperature distribution in the annulus along the well. This local
temperature distribution is important to calculate the local fluid compressibility.

7.1.4 Start-up and restart of pipeline transport and well injection

The start-up/restart procedure of a pipeline transport and well injection system needs to be established
so that there is a smooth start-up without any risk of equipment integrity and reservoir formation
damage. Under certain circumstances, special attention can be given to ensure that the closed in tubing
head pressure during well shut-in is not higher than the injection tubing head pressure at the well head.
For this purpose, systematic simulation of thermo- and hydrodynamic behaviour of the CO, stream in
pipeline transport and well injection system by using commercial flow assurance tools for different
scenarios are often performed.
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Before start of injection, the fluid temperature in the well will be the same as the surrounding
temperature, which is normally higher than the temperature during normal operation. After the first
start-up of CO, injection, the cooling process of the annulus will lead to under pressure condition at
the top part of the annulus. Pressure management of the annulus is an important for managing well
integrity during the operational lifetime of the well. Risks to equipment can be significantly mitigated
by minimising frequent shut-in and restart of the CO, injection operation where practical to do so.

7.2 Normal operation under two-phase flow conditions

7 21 Coanaral
Ve o oCtrar

Phpses of a CO, pipeline transport and injection system operation mainly include:
—| stable operation with relatively stable loading rate;

—| transient operation with varying loading rate; and

—| shut-in and restart.

Unlder operating pressures and temperatures within the two-phase envelope, there will be phdse change
(CO, vapour generation or condensation of gas into liquid depending.en the process). The cotexistence
of fwo CO, fluid phases (gas and liquid phase) in the same location(of the pipeline and well is cplled two-
phpse flow. The major tasks associated with the CO, two-phase/flow in the pipeline transport and well
injpction are:

—| maintenance of injection capacity of the given system (pipe and well geometry, reservoir condition,
ambient temperature, boosting equipment etc.);

—| quantification of potential transient behaviour of the flow and the corresponding mitigation method;

—| identification of flow conditions that <€an have risks of injection capacity reduction| (hydrate
formation) and compromising system integrity (erosion, corrosion potential, etc.).

7.2.2 Identification of two-phase flow in the pipeline and well

Almost all existing operational €0,-transport pipelines are operated under single-phase CO, ¢onditions
as|well as all projects currfently under development. Only a few, for example, Sleipner, lhave been
opgrating their injection well with presence of two-phase flow at the upper part of the well channel.
Thie main reason is that the current knowledge of two-phase CO, flow in a pipeline and well system
is yery limited so that'the existing commercial flow assurance tools for design and operatign support
of fransport pipeline and injection wells have not been validated for two-phase CO, appli¢ation yet,
se¢ Reference {43], one of the main risks can be potential flow instabilities like receiving slugs of
either 100 % gas or 100 % liquid where the well can swing from CO, production into the pipeline to
unpontrolled/injection with low temperatures in the top part of the well, respectively.

Two-phase CO, flow in the pipeline and well system can be identified using flow assurance tpols if the
proper physical property models are used. For pure CO, stream, the existing flow assurance fools have
access to the best thermal dynamic models. For CO, streams with impurities, care is needed because the
impurities can have significant impact on the phase envelope. Even though the existing flow assurance
tools have not been validated for two-phase CO, applications, these codes can provide a reasonable
prediction on the presence of two-phase CO, flow in the pipe and wells, see Reference [42].

Two-phase CO, flow can also be present in process equipment, such as valves and pumps under
certain operational conditions, even though the rest of the system is operated under single phase flow
conditions. The presence of bubbles in a liquid CO, stream in pumps and valves can lead to cavitation,
and turbo compressors for gas boosting can be damaged by droplets. The flow conditions close to this
equipment obtained from the flow assurance tools can be used for the selection of proper equipment.
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7.2.3 State of the art of modelling two-phase CO, flow in pipelines and wells

The existing commercial flow assurance tools for multiphase flow in pipes and wells were developed
for the application to oil and gas production and transport systems (from the bottom hole of the well to
the process facilities), as well as for water and gas injection into the reservoir for the pressure support
or EOR. The pipeline and well system of oil and gas production does not differ much from those for CO,
transport and injection in terms of geometry. The differences between these two systems are the fluid
types and physical properties and the flow direction.

The existing commerc1al flow assurance tools have all the relevant functlonalltles and physical models
to simulate- : ;

tools hav¢ not been Valldated systematlcally for general applications of CO2 two -phase flow in p1 pes
and wells] There are two different issues: whether the physical models in these tools give a reasonaple
descriptign of CO, two-phase flow behaviour and whether the numerical solver for the formula system
is applicaple for CO, two-phase flow.

As detail¢gd in Reference [42], bubble generation is a dominant phenomenon of(liquid-dominated
two-phas¢ flow of CO, in a near horizontal pipe and hydrodynamic slug flow ha$not been obseryed
in laboratory experiments. Current flow models in existing commercial flow assurance tools do not
adequately model bubble generation. In many CCS projects, CO, streams can-contain a small amount of
impuritie$ and in turn the phase envelope of the multiphase region is very narrow in the P-T diagram.|As
aresult, ajsmall change of pressure can lead to a large mass transfer between the phases. This can cayse
some challenges for these flow assurance tools to resolve the equatior system for two-phase CO, flpw
correctly.[Therefore, simulation with existing flow assurance tools'will have significant uncertaintjes
in relation to flow regime prediction.

If the flow in pipelines and wells is unstable, the prediction,uncertainties of the flow assurance topls
have an inppact on the flow capacity estimate and give inactlirate pressure and temperature predictiops.
The risks pssociated with transient flow behaviour can be:

— largepariations of pressure and temperature in pipelines and wells, which are challenges for procgss
equipment and introduce large thermal stresS-for pipeline and well materials;

— back-flow in the well bottom hole, givingfermation water penetration into the well. This can lead to
well thaterial corrosion, hydrate formation, etc.;

—

— large [variations of phase volume fraction and the flow rate of different phases at the bottom hg
whicl} can cause damage to the formation in the near-well-bore area and impact the injectivity;

€,

— large fariations of phase-volume fraction and fluid velocity at the well-head, which is a challenge for
the opperation of well-head choke, in particular, for a system with more than one well.

7.2.4 Shut-down and restart

Similarly,|[in the-¢dse of single-phase flow, the shut-down and restart procedures of the pipeline
transport|and injection system need to be established to avoid any risk of equipment integrity gnd
reservoir |[formation damage. Current commercial flow assurance tools have not been validated for
a general appiication of CO; TWo-phase {fow 1T pipelines and wells, Inciuding shut-dowm and restart
processes.

The shut-down operation of a pipeline and well system can be carried out by two different approaches:
close the valve at the pumping/compressor locations only and close the valves at both ends of the
pipeline. If there is a bottom hole valve in the injection well, there is also a possibility to close that valve
for the shut-down operation. The closure of valves at different locations can be operated differently in
terms of timing, depending on which state of the CO, stream in the system is favourable for both long-
term shut-down and the eventual restart process. An accurate estimate of the CO, stream condition
(temperature, pressure and phase distributions) in pipeline and well is critical for the restart operation
procedure definition.
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During the shut-down period, the CO, stream temperature in the pipeline and well will gradually
develop towards thermal equilibrium with the surroundings. During this period, the fluid pressure and
temperature will vary with time, at least during the initial period. There will be some flow of the CO,
stream in the system. It can take a long time for the CO, stream to reach thermal equilibrium with the
surroundings. When the bottom hole valve is open, there can be unstable flow during the shut-down
period.

When there is stable flow during the shut-down period, the pressure, temperature, liquid-phase volume
fraction and the composition of the different phases need to be estimated along the pipe with time. The
main threats that can arise during stable flow regime include:

—| accumulation of gaseous or liquid phase;

—| formation of free water;

—| hydrate formation.

For unstable flow, particularly during shut-down, the main threats that can arise include:
—| corrosion potential in the well tubing due to formation water flowing back from the reservoir;
—| hydrate formation;

—| thermal stress in well material with pressure and temperature variations.

Thie restart is normally aimed at ensuring a smooth increaseo©fthe CO,-injection rate. With th¢ presence
of i CO, gas column in the pipeline or well, the restart process can introduce unstable flow. If there are
larjge pressure and temperature differences between two sides of a valve, additional pressfire waves
cah be created due to possible phase change involvinglarge volume changes.

7.2.5 Cavitation

Unfder certain conditions, a low pressure«¢an be generated locally in a flowing fluid. If the pfessure in
su¢h locations falls below the vapour,pressure (or bubble-point pressure), there will be lo¢al boiling
anfl a cloud of vapour bubbles will form. This phenomenon is known as cavitation and can caufse serious
problems, since the liquid flow canrsweep this cloud of bubbles on into a location of higher pressure
where the bubbles will collapseXThis can generate pressure waves, which under certain situafions have
a High intensity (can be up td 400 MPa). Similarly, local temperatures can increase by as muchfas 800 °C,
se¢ Reference [45].

Cayitation can be a caihmon problem in pumps and valves. For CO, transport and injection systems,
cayitation can be a‘potential risk at:

—| flow through valves or chokes;
—| operation under two-phase flow conditions;

—| transient operation, with transition from a single- to a two-phase state.

Under two-phase flow operation, due to large compressibility, the risk of cavitation in a pipe is very low.
7.3 Special operation with two-phase flow

7.3.1 Depressurization
Depressurization of CO, transport and injection systems can be a result of:

— planned pipeline pressure release (e.g. maintenance and repair operations) and unplanned release
(e.g. pipeline rupture incident);

— well blowout.
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7.3.2 Planned and un-planned pipeline pressure release

During the depressurization of CO, from typical pipeline operating conditions in a dense phase, the CO,
will become cold due to the strong expansion cooling (Joule-Thomson effect). As the CO, expands below
the triple-point pressure (5,17 bar®), solid CO, (dry ice) will form.

Analyses and data sets including pressure and temperature from CO, pipe depressurizations have
been published, see References [46], [47] and [48]. There is also documentation from the planned
depressurization of a 50 km CO, pipeline, see Reference [49]. There are several flow assurance
modellings that are currently under development that incorporate solid-CO, formation in various ways,

however '~nvranf ‘yavcwnno r\F rnmmavtﬂf\] F]r\nn ASSHEahce fr\r\]o r]n nr\f rrnya OﬁfIDF’\anY‘(I nradiction-of he
CotTiT 5T Ty preareeronror

depressuifization process of a pipeline filled with a dense liquid or supercritical CO, stream.

The coldept temperature encountered during depressurization is that of the solid CO,. The sublimatjon
temperatyre of solid CO, at 1 bar is about -78 °C.

If there afe restrictions downstream of the point where the CO, expands, the solid €0, can lead| to
blockage ¢f the flow channel. As observed in experiments in References [47] and [50];solid CO,, alheit
in limited|]amounts, also forms in the pipe itself when the pressure passes the triple*point pressure.

The temperatures reached during CO, depressurization can be below the point where materipls
turn brittle. If, at the point in question, the internal pressure is still high, this can be an integrjity
issue. Blojvdown piping and valves are typically made of stainless steely which can withstand lower
temperatyires than carbon steel. Planned blowdowns are made through mainline valve vents, whjch
can regulfite the depressurization rate by varying openings. The goal is to maintain sufficient velodity
to expel (O, vapour/dry ice/flashing liquid to atmosphere, butinot vent the pipeline too quickly. The
ambient temperature and wind speed/direction can influence dispersion of the vented stream.

If a pipelife is depressurized from a high point, i.e. from the gas phase, the interior of the pipeline will
be signifi¢antly cooled due to the latent heat of the evaporating CO, liquid. This effect can be reduced|by
venting frpm the liquid instead.

For a corftrolled depressurization or small leakage, the mass-flow rate through the valve or hple
is a governing parameter. For small releasé_rates, the pressure drop away from the release pajint
will be small, and the state will be similar)to that of a normal operational scenario. In principle, the
existing commercial flow assurance tgols can handle this part of the flow if proper physical models
are implemented. However, there is~a-need to improve the understanding and modelling of the flpw
behaviout across chokes and valves:

In flow-agsurance tools, the-predicted mass-flow rate to the surroundings depends on the valye/
choke moflel and the minimum cross-section area. In some valve/choke models, the mass-flow ratg is
correlated with the pressure difference using a coefficient based on water/air single-phase flow tepts
from the manufacturéer,These valve/choke coefficients will be different for CO,.

A differenft modelling approach is to consider the flow through an orifice (restriction). The mass-relegse
rate is goyernedby the flow through the orifice, and for typical pipeline operating conditions, the flpw
will chokg, that is to say, the local flow Veloc1ty is equal to the local speed of sound. This is also cal
‘critical flew—AH-existing—node AV tal
data of steam-water system thelr appllcatlon for Co, two phase flow has not been tested against the
experimental data with CO,-stream. For a two-phase flow state at the orifice, in order to calculate the
flow rate, assumptions on the degree of flow and thermodynamic equilibrium can be made. Further
work is needed here, both with respect to modelling and experiments. Both single-phase liquid or
dense-phase and two-phase conditions are relevant.

In an assessment of the depressurization process, the following issues are relevant:

— mass-release rate and its variation with time; this will be different for controlled depressurization
and a leak;

6) 1bar=0,1 MPa=105Pa; 1 MPa=1N/mm?
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— CO,-stream phase state and its variation with time; phase distribution, pressure and temperature
distribution.

7.3.3 Well blowout

A well blowout is characterized by a rapid discharge of CO,. This is an undesired scenario and can
involve a safety risk. High CO, gas concentrations near the outburst can be the case if the discharge rate
is high and the surface conditions give little dispersion/diffusion of the fluid. CO, gas can accumulate
on the ground and displace air due to a larger density.
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4.1 Dry-ice formation

 temperature. The back flow in the well (CO, flow from reservoir) due to the blowout.can be
installed down-hole-safety-valve (DHSV) design. If such valves are not in place€, high flow|

oats and reduce the reservoir permeability and well injectivity. Afterwards, well injectiv|
ver, and higher injection pressures can be needed to re-establish the ,planned injection r
mation material can enter the well during blow out and accumulate-at the bottom of the w
\ require well work over.

4 Leakage detection

ren the impact of CO, on personnel and the surroundings;there is a need to evaluate the con
hny CO, release from CO, transport and injection systems. The effects include physiologi
humans from breathing it, the cold temperature~of CO, expanding at atmospheric pre
rrosiveness of CO, dissolved in water, as well as the effect of CO, as a solvent.

k assessments usually start by quantifying the leakage rate in different scenarios
wout). The leakage rate can be quantified by using the commercial flow assurance td
ation and the opening size are knowu.

bins with a rupture as a worst-case scenario to determine whether this can impact the sury
h leakage occurs in the pipeline, the leakage duration and dispersion can be limited b
fection resulting in shut=dewn of the source. The time for detection will depend on the {
kage. A small amountefimpurities in CO,-stream has little impact on the leakage process.

Ll Other issues

ids can*form in the CO, stream for different reasons and under different conditions. F
essure, when the temperature is below a certaln limit, water ice or CO2 hydrates can fq

the porous formation surrounding the well or even flashing of liquid CO, within the res¢
mage the formation by loosening grains and displacing fines towards the.wel, which can lock pore
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a pressure below the trlple pomt pressure Taklng account of sohd CO2 formatlon is needed in order
to accurately predict the temperatures occurring during depressurization. Existing commercial flow
assurance tools do not have models to handle the formation and sublimation of solid CO,, although work
has been done in several research codes. Remaining challenges include the prediction of the amount
of solid CO, formed, and the degree to which it will stick to pipe walls and in valves under varying
circumstances and potentially block the flow. Depressurization is discussed in 7.3.1.

7.4.2 Hydrates

CO, hydrates will form once water is present in CO, stream at certain pressure and temperature. Its
formation can be described in terms of a HET (hydrate equilibrium temperature) curve as shown in
Figure 8. For a given fluid system, the hydrates can form if the pressure is larger than the pressure of
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HET curve at the given temperature. The HET curve varies with fluid composition. The establishment
of the HET curve for specific fluid compositions is done with dedicated experiments.

In a CO, transport system, the water concentration is normally low, see Reference [20] to reduce
the corrosion risk of the pipeline. The HET for water of low concentration in a CO, stream is very
low according to simulation results using the HydraFLASH7) simulator, and much lower than
expected normal operational temperatures in a pipeline system. However, hydrates can form during
depressurization of a pipeline (see 7.3.1).
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k of hydrate formation in CO, transport and injection system can be observed in the downhple
 injection well or within a reservoir. The HET curve for CO, saturated with water depends|on
ntent in the water. Figure™)shows an example of hydrate curves of CO, saturated with wafer
lvithout salt, and it can be observed that a mass fraction of 5 % of salt in the water decreases
the hydrate temperature by 3(°CG when compared with distilled water at 10 °C. CO, hydrate can fofm
gaseous and liquid®C0, in contact with water.

7) HydraFLASH is an example of a suitable product available commercially. This information is given for the
convenience of users of this document and does not constitute an endorsement by ISO of this product.
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Figure 9 — Hydrate curves of CO, saturated with water with'and without NaCl (HydraFLASH
code simulation)
Popsible prevention approaches for hydrate formation i1-CO, transport and injection system jnclude:

—| avoiding frequent stop/start operations, which can lead to a direct contact betweer CO, and
formation water from the reservoir;

—| active monitoring and control of the CO, Stream status:

— monitoring and controlling of-temperature and humidity by downhole and wellhedd sensors
and heating and/or drying-ofithe CO, stream prior to injection, if needed;

— flowrate control: flowkate measurement and operation of the wellhead choke (in particular,
during start-up);

— pipeline pressure .monitoring and controlling: the control of (limit) pipeline pressyre during
shut-down ensures low export pressure during start-up.

T
inj

e formation of hydrates is promoted by high flow rates of liquid CO, of low temperatufe and by
ction into depleted reservoirs with low reservoir pressure. Once hydrate is built up in the|reservoir,
¢ injectivityl can be reduced. The endurance of this is related to the formation temperatpre in the
cted injection zone. Upon hydrate formation in some (cooled) layers, the bottom holg pressure

Unlders Oy e O rate A ey need-injeetivibyanddncreasing
BHP, a higher CO, temperature in the tubing and the reservoir is expected. This higher bottom hole
temperature (BHT) of CO, together with heating from the reservoir can melt hydrates that were
previously formed. The time of melting the hydrates depends on the re-heating process.

7.5 Ready for operation

For an offshore pipeline system, the pipeline is filled with sea water or fresh water for pressure testing
after the installation. When successfully passed pressure testing, the water is removed, and the
pipeline is normally filled with nitrogen gas before commissioning. The displacement of water is called
dewatering, and also referred to as ready for operation (RFO). If an onshore pipeline segment between
two valve stations is recommissioned after maintenance or modification (e.g. pipe replacement or tie-
in), direct CO, injection is the only method of filling.
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For carbon steel pipelines where pressure testing is performed with seawater, the dewatering operation
is normally done via a train of pigs. The section between the first and the second pig is filled with fresh
water to remove salt deposits and chlorides, and the rest is filled with MEG. The number of pigs varies
depending on the targeted chloride concentration in MEG of the last segment of pigs and the water dew
point temperature in the nitrogen-filled pipe. The final chloride concentration is normally set below a
certain level based on corrosion criteria.

After the RFO, the pipeline contains N, at low pressure. The N, needs to be replaced during the first
filling of CO,. The displacement of N, by CO, can be conducted by two ways: pigging and direct injection
of CO,. The pigging operation for the first filling is similar to the RFO. Attention is needed to ensure
the proper CGZ ftowcomditior—Thefirstfittmg—withrdirect CGZ tjectior s more compticated—tp a
challenge|to estimate when all N, is displaced from the pipeline.

The existjng commercial flow assurance tools have the functionalities to simulate the first filllng
process (ppigging or direct injection of CO,). The accuracy of the predicted results for suchyprocess will
be similar| to their prediction for the transient process of the CO, stream in pipeline.

8 Fluid flow in storage reservoirs

8.1 General

The ability to inject and store CO, in the foreseen amounts and at apprepriate rates is key to the success
of every CCS project. However, there are various issues that can\limit injection rates and storgge
capacitied In addition, mitigation and corrective measures are difficult to apply in storage reservoirs) as
access to the near-well area is limited and other parts of the reservoir at greater distance to the inject]on
wells are more or less inaccessible. Therefore, it is importantto consider potential disturbances of flfiid
flow in the reservoir and preventive measures already ih.the project planning to ensure flow during
operation{ In order to facilitate smooth and continuousinjection and migration of CO, streams within
storage rgservoirs, appropriate injection schemes aré-needed that can consider more than one injectjon
well for increased flexibility and robustness of operation.

Issues pofentially disturbing fluid flow in storage reservoirs that can ultimately result in a (temporary)
shut-dow of projects can comprise, among others:

a) alower than expected injectivitysarloss thereof;
b) abuild-up of or higher than expected reservoir pressure;

c) an unexpected CO, plufme migration (within the reservoir formation or the area of review/the
storage complex); or

d) eithef an integrity<loss of the reservoir formation or containment problems, or both, i.e. leakgge
throuigh the overburden or wells and their surroundings.

Issues sudh as these can occur due to various factors some of which can only partially be accounted for
during project planning and site exploration. These factors can include, among others:

a) uncertainties in reservoir properties (hence reservoir properties and thus either injectivity or
containment other than expected/predicted, or both);

b) the site-specific geological setting and the reservoir conditions (including P, T, composition of
reservoir rocks and reservoir fluids and the rocks’ natural variability and structural heterogeneity);

c¢) physical and (geo-)chemical effects during injection/operation changing relevant reservoir
properties;

d) thermal effects in the reservoir rocks, the caprocks or the well due to CO, stream cooling or
warming or injection of a CO, stream with a temperature different from the surrounding well and
rocks that can initiate (geo-)mechanical processes in the well and the near well-bore region;
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e) drilling induced formation damage in the near well-bore reservoir rocks due to infiltration of
drilling mud into the surrounding reservoir rock reducing its permeability.

To account for these inherent uncertainties and effects and to cope with potential flow disturbances,
a thorough understanding of the relevant basic processes and their control factors is needed together
with a robust CCS project design including appropriate preventive and corrective measures.

To verify injectivities and reservoir conditions, wells are subject to injection tests after drilling and
completion after which the real injectivity is assessed. Perforations of the injection interval can be
extended (e.g. for storage in multlple reservoir levels) or the reach of horizontal wells can be increased

o-overcome a 2dd n-, ALE ah-pbe d ed a

ln orde A
lfferent reservoir. Such measures can become necessary also if well injectivity declinés
du to an increasing skin (i.e. extra flow resistance near the well bore as compared to, the

OIA a ava erng a ala

e same or
with time
pressure

drop predicted by fluid dynamic simulations that results from the drilling, completionland production

practices used) or processes in the reservoir limiting plume expansion. Availability of 1
wdlls can ensure flow when one well is out of operation or not performingjas expected
thfough more than one well will also give flexibility for plume steering and] pressure mai
Pressure management can also be done by brine production from the reservoir and re-inje
geplogical formation different from the storage formation. Also, brine production and re-inj
belassociated with specific challenges such as sand production and elogging as currently ex]
at fthe Gorgon project. If back production of CO, is a foreseen correttive measure, field infra
pr¢pared for reverse flow operations is needed. CO, back produstion was successfully tes
Kefzin pilot injection site, see Reference [51].

M4gny large commercial CCS projects aim to inject at the CO+, delivery temperature, i.e. the C
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temperature at the pipeline exit that depends on project specific settings and requiremerits. Before

pipeline transport, the captured CO, stream is compressed and cooled to an appropriat
enfry temperature. During pipeline transport, the<€0, stream reaches pipeline temperature
temperature in non-insulated pipelines is usually:close to ambient (i.e. temperature of air, wi
sofl or sediment depending on pipeline routing). As a result, injection temperature can show
variations. At the Quest project a correspopding seasonal variation of the CO, bottom hole ter
hap been reported that also leads to seasonal variations of injectivity; see Reference [52].
trgnsport distances, insulated pipelin€s'can be used if constant injection temperatures highe
than ambient are required. For example, at Sleipner the upper part of the “well” (i.e. the first]
inqulated as it runs in air through.one platform leg to the sea floor that is at a temperature g
Reference [53], while a stabletwvellhead temperature of 25 °C is required for injection; see Refef
In the ROAD project, CO, transport was planned by a 22 km long insulated pipeline from Rot|
th¢ P18-A platform to ineredse injection rates when the CO, is in gas phase, see Reference [55

Injection of a CO, streéam with a temperature different from the well and surrounding rocks ¢
gep-mechanic effects in the well and the near well-bore rocks. These can include thermal {
fatigue which €an’ lead to fines formation and migration and to formation damage (high
potentially Jlewer injectivity. The injection of colder CO, can also induce micro-fractures in t
behind casing (which is at equilibrium with reservoir temperature prior to injection) Y
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construction needs to be 1nvest1gated to understand the 1mpact of the ]oule-Thomson effect
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wells can likewise impact cement bonding and integrity, whlch can lead to requirements of work-
over for which wells would have to be shut down (see also 7.1.2). Similarly, short-term pressure and
temperature cycling, for example, due to shut-in/start-up cycles, can cause fatigue of well equipment
and (near wellbore) reservoir rocks. Injecting a dense-phase CO, stream into a warmer reservoir can
lead to a decrease of CO, stream viscosity at typical pressures and temperatures in storage reservoirs,
in principle easing CO, flow and migration therein. However, field data from several projects show an
inverse correlation between injectivity and bottom hole temperature pointing to a more complex set of
factors controlling injectivity, see Reference [52].

If the CO, stream encounters and displaces another fluid phase (e.g. formation water, residual oil or
natural gas), gravity forces, relative permeabilities and viscosity contrasts become important. Gravity is
the primary force driving upward CO, migration and accumulation beneath the caprock or impermeable

©1S0 2023 - All rights reserved 41


https://standardsiso.com/api/?name=fa486b22c64366422535eb86f5ec3e2b

	Foreword 
	Introduction 
	1 Scope 
	2 Normative references 
	3 Terms and definitions 
	4 Abbreviated terms 
	5 Overview of the necessity of flow assurance in CCS projects 
	5.1 General 
	5.2 Reasons to maintain flow assurance 
	5.3 Potential factors affecting flow of CO2 streams at individual components of CCS projects 
	5.3.1 General 
	5.3.2 CO2 sources 
	5.3.3 Capture facilities 
	5.3.4 Transportation 
	5.3.5 Field distribution 
	5.3.6 Injection wells 
	5.3.7 Storage reservoirs 
	5.3.8 Optional components 

	5.4 Providing flow assurance 
	5.4.1 General 
	5.4.2 Technical design 
	5.4.3 Operational procedures and work-flows 
	5.4.4 Overarching project management 


	6 Fluid composition and physical properties 
	6.1 General 
	6.2 CO2 phase behaviour and thermophysical properties — Key features 
	6.3 Modelling properties of pure CO2 
	6.4 Properties of impure CO2 — Phenomena and their modelling 
	6.5 Individual impurities 
	6.5.1 General 
	6.5.2 Water  
	6.5.3 Nitrogen and argon 
	6.5.4 Hydrogen  
	6.5.5 Oxygen  
	6.5.6 Carbon monoxide  
	6.5.7 Methane and ethane 
	6.5.8 Propane and other aliphatic hydrocarbons 
	6.5.9 Nitrogen and sulfur oxides 
	6.5.10 Hydrogen sulfide  
	6.5.11 Carbonyl sulfide 
	6.5.12 Ammonia  
	6.5.13 Amines 
	6.5.14 Benzene, toluene, ethylxylene and xylene  
	6.5.15 Methanol 
	6.5.16 Ash, dust, metals and other particulate matter 
	6.5.17 Naphthalene 
	6.5.18 Volatile organic compounds  
	6.5.19 Chlorine  
	6.5.20 Hydrogen chloride, hydrogen fluoride and hydrogen cyanide  
	6.5.21 Glycols 

	6.6 Effects of reactive impurities — Phenomena and their modelling 
	6.6.1 General 
	6.6.2 Formation of corrosive aqueous phases 
	6.6.3 CO2 specifications 
	6.6.4 Modelling of formation of corrosive aqueous phases 
	6.6.5 Depressurisation and impact of reactive impurities 
	6.6.6 Corrosion issues in CO2 injection wells 
	6.6.7 ​Monitoring reactive impurities in the CO2 stream 
	6.6.8 Particle, wear and clogging 

	6.7 Modelling of CO2 stream properties in commercial flow assurance tools 
	6.7.1 General 
	6.7.2 Joule-Thomson effect 
	6.7.3 Viscosity 
	6.7.4 Flow assurance simulation for CO2 transportation in pipes 


	7 CO2 pipeline transport and well injection 
	7.1 Operation under single-phase flow conditions 
	7.1.1 General 
	7.1.2 Fluid hammer 
	7.1.3 Shut-down of pipeline and well 
	7.1.4 Start-up and restart of pipeline transport and well injection 

	7.2 Normal operation under two-phase flow conditions 
	7.2.1 General 
	7.2.2 Identification of two-phase flow in the pipeline and well 
	7.2.3 State of the art of modelling two-phase CO2 flow in pipelines and wells 
	7.2.4 Shut-down and restart 
	7.2.5 Cavitation 

	7.3 Special operation with two-phase flow 
	7.3.1 Depressurization 
	7.3.2 Planned and un-planned pipeline pressure release 
	7.3.3 Well blowout 
	7.3.4 Leakage detection 

	7.4 Other issues 
	7.4.1 Dry ice formation 
	7.4.2 Hydrates 

	7.5 Ready for operation 

	8 Fluid flow in storage reservoirs 
	8.1 General 
	8.2 Depleted gas reservoirs 
	8.3 Saline aquifers 
	8.4 EOR operations 

	Bibliography 

