HAZARD ANALYSIS FOR ONSHORE AND OFFSHORE
CARBON CAPTURE INSTALLATIONS AND PIPELINES

Second edition

April 2024

Published by
Energy Institute, London

The Energy Institute is a professional membership body incorporated by Royal Charter 2003
Registered charity number 1097899



The Energy Institute (El) is the chartered professional membership body for the energy industry, supporting over 23 000 individuals
working in or studying energy and 200 energy companies worldwide. The El provides learning and networking opportunities to support
professional development, as well as professional recognition and technical and scientific knowledge resources on energy in all its forms
and applications.

The El's purpose is to develop and disseminate knowledge, skills and good practice towards a safe, secure and sustainable energy system.
In fulfilling this mission, the El addresses the depth and breadth of the energy sector, from fuels and fuels distribution to health and safety,
sustainability and the environment. It also informs policy by providing a platform for debate and scientifically-sound information on energy
issues.

The El is licensed by:

- the Engineering Council to award Chartered, Incorporated and Engineering Technician status, and

- the Society for the Environment to award Chartered Environmentalist status.

It also offers its own Chartered Energy Engineer, Chartered Petroleum Engineer, and Chartered Energy Manager titles.

A registered charity, the El serves society with independence, professionalism and a wealth of expertise in all energy matters.

This publication has been produced as a result of work carried out within the Technical Team of the El, funded by the El's Technical
Partners. The El's Technical Work Programme provides industry with cost-effective, value-adding knowledge on key current and future
issues affecting those operating in the energy sector, both in the UK and internationally.

For further information, please visit http://www.energyinst.org

The El gratefully acknowledges the financial contributions towards the scientific and technical programme from the following companies:

ADNOC Ocean Winds
BAPCO Drsted

BP Oil UK Ltd Phillips 66

Chevron North Sea Ltd Prax

Chevron Products Company Qatar Petroleum
CNOOC Q8Aviation

Corio Repsol

DCC Energy RWE npower

Drax Group Saudi Aramco

EDF Energy SGS

ENI Shell U.K. Exploration and Production Ltd
Equinor Siemens Gamesa Renewables
Exolum Spirit Energy
ExxonMobil International Ltd SSE

Harbour Energy TAQA

Iberdrola TotalEnergies
[thaca Energy Uniper

Intertek Valero

Marathon Petroleum Corporation Vattenfall

Neptune Energy Vitol Energy

Neste Woodside
Northland Power World Fuel Services

However, it should be noted that the above organisations have not all been directly involved in the development of this publication, nor
do they necessarily endorse its content.

Copyright © 2024 by the Energy Institute, London.

The Energy Institute is a professional membership body incorporated by Royal Charter 2003.
Registered charity number 1097899, England

All rights reserved

No part of this book may be reproduced by any means, or transmitted or translated into a machine language without the written
permission of the publisher.

ISBN 978 1 78725416 9
Published by the Energy Institute

The information contained in this publication is provided for general information purposes only. Whilst the Energy Institute and the
contributors have applied reasonable care in developing this publication, no representations or warranties, express or implied, are made
by the Energy Institute or any of the contributors concerning the applicability, suitability, accuracy or completeness of the information
contained herein and the Energy Institute and the contributors accept no responsibility whatsoever for the use of this information. Neither
the Energy Institute nor any of the contributors shall be liable in any way for any liability, loss, cost or damage incurred as a result of the
receipt or use of the information contained herein.

Hard copy and electronic access to El and IP publications is available via our website, https://publishing.energyinst.org.
Documents can be purchased online as downloadable pdfs or on an annual subscription for single users and companies.
For more information, contact the El Publications Team.

e: pubs@energyinst.org



HAZARD ANALYSIS FOR ONSHORE AND OFFSHORE CARBON CAPTURE INSTALLATIONS AND PIPELINES

CONTENTS

Page
Acknowledgments ... ...t e i i 11
FOrewWord . . .. e i 12
1 Introduction, purpose, scope, application, important definitions .. ............. 15
1.1 Introduction . ... 15
1.2 PUIPOSE. 15
1.3 SCOPE o 15
1.3.1 Carbon dioxide capture . .. ... .. 16
1.3.2 Carbon dioxide compression and/or pumping . ................. ... 17
1.33 CO,conditioning . . ........... ... 17
1.3.4 Onshore transportation ... ... .. 17
1.3.5 CO, temporary storage. . .............. 18
1.3.6 Offshore transportation . ... ... ... ... . . . . 18
1.3.7 Offshore injection platforms and infrastructure (down to the seabed). . .. 18
1.3.8 Injectionof CO, .. ... . ... 19
1.4 Application . ... 19
1.5 Important definitions. . . .. ... .. 20
1.5.1 Phases of carbon dioxide .. .......... . . 20
1.5.2 Pure CO, ... oo 20
1.5.3 CO,stream ... ..o 20
1.54 On specification . . ... ... 20
1.55 Glossary of terms and abbreviations. . .. ....... ... ... L 20
2 Understanding CO,. . ... .. i i i it it s 21
2.1 CO, properties. . ... ... 21
2.11 General properties and uses of carbon dioxide . . ... ... L. 21
2.1.2 General thermodynamics of pure CO, . ............ .. ... ... .. ... 22
2.1.3 Impact of impurities on thermodynamic properties. . .. .............. 26
2.1.4 Gaseous phase carbon dioxide . . .. ... ... 31
2.1.5 Liquid phase carbon dioxide. . ... ... ... .. 31
2.1.6 Solid phase carbon dioxide. . .. ... ... .. 32
2.1.7 Supercritical phase carbon dioxide . ... ... ... ... L 32
2.1.8 Carbon dioxide hydrate formation in pure CO,. . ................... 33
2.2 Hazards associated with CO, . ... ... . ... ... ... ... 35
2.2.1 Health effectsof CO, .. ... . ... . ... .. ... ... ... ........ 35
2.2.2 Health effects of CO, streams. . . ............................... 38
2.2.3 Environmental impactsof CO, . ........ ... . ... o L 39

224 Hazards associated with phase change and the potential
for low temperatures . . ... ... 39
2.2.5 Fluid hammer. . ... 40
2.2.6 Physical hazards associated with carbon dioxide releases .. ........... 41
2.2.7 CO,BLEVE. ... 11
2.2.8 Dispersionof CO,. ... . ... .. ... . ... 42
2.2.9 Carbon dioxide asaninertinggas . ............. . 44
2.3 Hazards associated with impurities . ... ... . . . 44
2.3.1 Impurities: general hazards. . . ....... ... . ... .. 45
2.3.2 Hazards from individual impurities for CCS. .. .............. .. .. ... 56




HAZARD ANALYSIS FOR ONSHORE AND OFFSHORE CARBON CAPTURE INSTALLATIONS AND PIPELINES

Contents continued

Page
3 Current legislation .. ... ... . it i i e e e 64
3.1 CCS legislative and regulatory frameworks overview . .. ..................... 64
3.2 European Directive 2009/31/EC . . . .. ... .. 64
3.3 NOIWaAY . . oo 65
3.4  United Kingdom . ... 66
3.4.1 General . ... 66
3.4.2 Dangerous substance or fluid. . . .......... .. ... 67
3.4.3 Safety (offshore and onshore) .. ...... ... ... ... ... .. ... ... .... 67
35 US AL 68
3.5.1 Hazardous Liquid Pipeline Act .. ...... ... .. .. .. ... .. .. ........ 68
3.5.2 Federal regulation (49 CFR Part 195) regarding the

management of pipelineintegrity. .. .......... ... .. ... L. 69
3.6 Canada. ... 69
3.7 Raly. . 69
3.8 Australia . ... 70
3.9 JaAPaAN 71
310 China ..o 71
4 Hazard and risk analysis of carbon dioxide systems.......................... 73
4.1  Process safety management. . ... ... ... 73
4.2 Hazard and risk analysis process .. ......... ... .. 75
4.3  What undesirable scenarios can happen? ........ .. .. .. .. ... .. ... .. ... 76
4.3.1 Credible event identification. . . ......... ... ... ... . .. ... .. 77
432 Running ductile fracture. . ... ... .. ... .. ... 77
433 Physical blast ... ... ... .. . 78
4.3.4 Brittle fracture .. ... ... 78
4.3.5 Contribution factors e.g. topography and impingement. . ............ 78
4.4  What are the consequencesof anevent? ........ ... .. .. ... ... ... ... ..., 79

4.4.1 Combination of dispersion modelling and SLOT/SLOD
data to give fatal area predictions .. ........ ... ... .. ... ... ... ... 79
4.4.2 The impact of impurities on carbon dioxide consequence modelling. . . . . 81
4.5 How frequently can the scenario happen?. .. ... ... ... .. ... . ... ... ...... 82
4.5.1 Initiating event failureratedata . .. ............ ... . ... ... .. .. ... 82
452 Analysis of consequence frequency . ......... ... L. 84
4.6 Istherisk tolerable?. . .. ... . . . . 85
4.6.1 The concept of risk and its definition .. ......... ... ... ... ... ...... 85
4.6.2 Introduction to the elementsof risk .. .............. ... ... ... . ... 85
4.6.3 Individual risk. ... ... 86
4.6.4 Risk contours . . ... ... 87
4.6.5 Societal risk . .. ... 88
4.6.6 FN curves . . .o 88
4.7  What can be done to eliminate or reduce risk? .. ....... .. ... .. .. 89
4.7.1 Risk prevention ... ... .. . .. . . ... 89
4.7.2 Reducing scenario frequency . .......... . ... 90
4.7.3 Reducing CONSEqUENCE. . . . . ..ot 90




HAZARD ANALYSIS FOR ONSHORE AND OFFSHORE CARBON CAPTURE INSTALLATIONS AND PIPELINES

Contents continued

Page

4.8  Summary of hazard and risk analysis . .. .. .. ... . 91
5 Hazards withinthe CCSchain............c i et e i a e 93
5.1 Hazards and associated mitigations for different CO, phases in pipelines. . ... .. .. 93
5.1.1 Gaseous phase pipeline operation . ............. ... ... .. 94

5.1.2 Dense phase pipeline operation . .. ......... . ... . . . L 97

5.2 Hazards and associated mitigations applicable for full chain CCS.............. 101
5.2.1 Integration of full chain CCScluster. ............ ... .. ... ...... 101

5.2.2 Venting . ..o 103

523 Compressors and/or PUMPS . . . oo v oot 106

524 Pigging facilities . . ... .. ... 108

525 Seals . 109

5.2.6 Start-UD . 109

5.2.7 Shutdown ... 110

528 Repurposing of existing infrastructure . .......... ... .. ... .. .. ... 112

529 Full life cycledesign . ... ... 115
5.2.10  Network expansion ‘hubs and clusters”. . ... .......... ... .. ... ... 116

5.3 Hazards and associated mitigations for carbon capture facilities. . .. ........... 117
5.3.1 Carbon captureplants . ... ... .. 118

53.2 CO,conditioning . . ........... .. 119

5.4 Hazards and associated mitigations for onshore carbon dioxide transportation ... 121
5.4.1 Onshore pipelines . ... ... . 121

54.2 Above ground installations. . ... ... ... 124

5.4.3 Temporary Storage. . . .. oo 125

5.5 Hazards and associated mitigations for offshore carbon dioxide transportation . .. 127
5.5.1 Transition from onshore to offshore. . . .......... ... ... .. ... ... 127

552 Offshore pipelines . ... ... 127

553 RISEIS . 129

554 Subsea isolation valves (SSIV) . . . . ... ... 130

6 Hazard analysisexamples . ....... ..o et 132
6.1 Consequences of CO,release ........................................ 132
6.2 Integrated CCS chain venting and release strategy. . ... ......... ... ... ..... 132
6.3 Planned and emergency venting . . ... ... .. 133
6.3.1 Capture plant. . ... ... 133

6.3.2 Compression/PUMPING . . . v e 134

6.3.3 Pipeline ... 134

6.3.4 Pigging facilities . . ... .. ... . 134

6.3.5 AGIs. . 134

6.3.6 Injection facilities . . .. .. ... L 135

6.4 Accidental releases . . ... ... 135
6.4.1 Small process accidental CO, releases. . ......................... 136

6.4.2 Large accidental CO, releases. . ............................... 137

6.4.3 Accidental releases of liquid CO, in enclosed spaces. .. ............. 140

6.4.4 Impact on adjacent structures .. ... ... 140

6.5 Modellingof CO,releases........... .. ... . ... . ... .. ... .. ... 140
6.6 Dispersion modelling tools. . .. ... ... . . 141




HAZARD ANALYSIS FOR ONSHORE AND OFFSHORE CARBON CAPTURE INSTALLATIONS AND PIPELINES

Contents continued

Page
6.6.1 Integral models .. ... ... . 141
6.6.2 CED models . . .. 142
6.7 Examples of CO, dispersion modelling scenarios . ......................... 143
6.7.1 Modelling inputs . ... ... 143
6.7.2 Modelling scenarios . . ... ... .o 144
6.7.3 Dispersion modellingresults. . ......... ... .. ... .. . .. ... 147
6.7.4 Discussion onresults . ... .. 155
6.7.5 Future dispersion modelling scenarios .. ........... ... . ... ...... 156
6.8  Site-or project-specific variables that impact CO, dispersion. .. ......... ... ... 159
6.8.1 Topography and impingement . . ... ... 159
6.8.2 Environmentaldata . .......... . .. .. 159
6.8.3 Pipeline configuration . ........ ... .. ... 160
6.8.4 CO,inventory . ..... ... ... 160
7 Conclusions/Gap analysis. . . .. ...t ir ittt it it i s 161
7.1 SUMMAIY. « e 161
7.2 ConClUSIONS. .« o o 162
7.3 Keyhazards. ... ... 162
7.4 Known knowledge gaps . . . .. ... 166
7.4.1 CO, hazard criteria. . .......... ... ... ... 166
7.4.2 Sharing of pipeline maintenancedata .. .......... .. ... ... .. ... 167
7.4.3 Regulationsand standards . . . ........... ... ... 167
7.4.4 Evaluation of an existing pipeline for fracture arrest . . . ............. 167
7.4.5 Modelling of large low momentum releases. . .. .................. 167
7.4.6 Accidental release of CO,. .. ... ... ... . oL 168
7.4.7 Accidental release of CO, during loading and unloading of ships . ... .. 168
7.4.8 Subseareleases . .. ... 168
7.4.9 Thermodynamic modelling basis used for CO, mixtures . ............ 168
7.4.10  Modelling multiphase flow of CO, .. ......................... .. 168
Annexes
Annex A Glossaries of terms, acronyms and abbreviations...................... 170
Al Glossaryof terms. . ... ... ... 170
A2 Glossary of acronyms. .. ... ... ... 172
AnnexB Codesandstandards ............. ...t 176
AnnexC  Modellingof CO, ........ .. i 181
C1 Preface. . ... 181
C2 Introduction. . ... ... ... .. 181
C.3 Defining and specifying sourceterms. . ......................... 182
C4 Flow rate calculation . ... ... .. ... ... .. ... ... 184
C.4.1 Plannedventing . .......... ... . 184
C4.2 Accidental release from vessels with gaseous inventory. . . . . . 184
Cc4.3 Vessels with liquid Inventory. . . ......... ... ... . ... ..., 185
C4.4 Pipelines with gaseous inventory. . . .................... 191




HAZARD ANALYSIS FOR ONSHORE AND OFFSHORE CARBON CAPTURE INSTALLATIONS AND PIPELINES

Contents continued

Annex D

Annex E

Annex F

Page

c.4.5 Pipelines with liquid inventory. . . .......... .. ... ... ..., 193

C.5 Source term implementation .. ... ... 194

C.5.1 Gaseous releases . .. ... 194

C52 Liquid and supercritical releases . .. ........... ... ...... 195

C.6 DISPEISION .« . ottt 196

C.6.1 Integral models. . ... ... .. 197

C.6.2 CEDmodels . . ... 197

c.7 Validation ... ... 198

C.7.1 Experiments specific to carbon dioxide . . .. ........ ... ... 198

Cc.7.2 Experiments relating to blowdown of process vessels . . . .. .. 200

C.7.3 Experiments relating to blowdown of pipelines. . .......... 200

Cc.8 SUMMAIY . o o 200

C.8.1 Release rate calculation . .......... ... ... ... ... .. ..., 200

C.82 DISPErsioN . . .o 201

Failureratedatasources .. ....... ..ot 202

D.1 Pipeline failuredata . . ....... ... .. .. . . 202
D.1.1 Pipeline and hazardous materials safety administration

(US Department of Transport (DOT)). . .. ................ 202

D.1.2 PARLOC 2012 ..o 203

D.1.3 European gas pipeline incident data group (EGIG) ......... 203

D.1.4 UK Onshore Pipeline Operators Association (UKOPA) . ... . .. 205

D.1.5 Conservation of Clean Air and Water in Europe (CONCAWE) 206

D.1.6 Overall summary of pipeline failuredata. .. ........... ... 206

D.1.7 Additional USdata. .......... ... . ... 206

D.2 Plant equipment failuredata .. ....... ... .. ... ... 209

Previous incidents involving CO,. .. ...... ... ... .. o il 210

E.1 Lake NyOos . ..o 210

E.2 Mammoth Mountain, California. . ................. ... .. .. ..... 211

E3 Nagylengyel CO, release. . .......... ... ... ... ... ... .... 212

E.4 Repceklak, BLEVE of avessel . ......... ... . ... ... . ... ... ...... 214

E.5 OIS . 211

E.6 Fire Extinguishing Incidents .. ......... .. ... ... ... ... .. . ... ... 216

E.6.1 Idaho National Engineering and Environmental Laboratory . . . 216

E.6.2 Monchengladbach, Germany . ........... ... ... ... ..., 217

E.7 Asphyxiation/toxic impactincidents .. ...... ... . o 217

E.8 Reliant processing vessel .. ... ... .. ... . . ... 217

E.9 Fukushima carbon dioxide explosion . .............. ... ... ...... 218

E.10 Mainz . .. 218

E. 11 Yazoo County dense phase pipelinerupture. . .. ......... ... ... ... 220

E.12 Gorgon CCS —Near MisS . . . oot 222

E.13 Menzengraben potashmine. . ... ... ... .. ... ... .. L. 223

E.14 Carbon dioxide as a purging and inertinggas. . ... ................ 223

References and bibliographies . ......... ... ... ... .. it 224




HAZARD ANALYSIS FOR ONSHORE AND OFFSHORE CARBON CAPTURE INSTALLATIONS AND PIPELINES

Figures

Figure 1
Figure 2
Figure 3
Figure 4
Figure 5

Figure 6

Figure 7
Figure 8
Figure 9

Figure 10
Figure 11

Figure 12
Figure 13
Figure 14
Figure 15
Figure 16
Figure 17
Figure 18
Figure 19
Figure 20
Figure 21
Figure 22

Figure 23
Figure 24
Figure 25
Figure 26
Figure 27

Figure 28
Figure 29

Figure 30
Figure 31
Figure 32
Figure 33
Figure 34
Figure 35
Figure 36
Figure 37
Figure 38

LIST OF FIGURES AND TABLES

Page
Scopeof the CCS Chain . ... ... .. . 13
FullCCS chain. . .. 16
CO, pressure-temperature phase diagram. . ............ ... ... ... . ... .. 22
CO, pressure-enthalpy diagram. .. ......... . ... ... o 23
Changes in Joule-Thompson coefficient (u ) for a number of different
CO, temperatures and pressures . . ... 24
Changes in Joule-Thompson coefficient (p) for pure CO, at higher
pressures and 10 °C . .. .. 25
Pressure-density behaviour during sudden CO, decompression .. ............. 26
Impact on phase diagram of hydrogen as an impurity . . .................... 27
Effect of impurities on density of CO, with differences in temperature
atapressure of 100 bara ... ... ... .. 28
Effect of impurities on viscosity of CO, with changing temperature
ataconstant pressure of 100 bara ............. ... ... ... ... .. .. .. .. ... 29
Effect of different models of equation of state on density of pure
CO,at100bara ... .. ... . 29
Effect of impurities on density of CO, with differences in pressure at 4 °C. .. .. .. 30
Effect of impurities on viscosity of CO, with differences in pressure at 4 °C. ... .. 30
Type 1 lattice structure, CO, hydrate. . ......... ... ... ... ... ........ 33
Hydrate diagram forpure CO,. . .......... .. ... . ... . ... . ... 34
Rapid loss of pressure of a seal causing blistering or fracturing ... ............ 40
Solubility of HO in pure CO, at 15°C-85°C ........................... 50
Concept of pressure front moving back along a burst pipeline. . .............. 52
Pipeline following running ductile fracture. . . ... ... ... ... .. ... ... ... 52
Speed of sound during isentropic decompression for various CO, mixtures . .. . .. 53
Impact of changing impurity level on saturation pressure. . ... ............... 54
Flow diagram of basic hazard analysis process, which is also relevant
fora CCSsystem. ... 76
Carbon dioxide dose-fatality relationship. .. ....... ... .. ... .. .. ... .. .... 81
Presentation of individual risk contours . .. ......... ... ... ... ... 87
Presentation of the societal risk curve ... ... ... .. .. ... . ... .. ... ...... 89
Hierarchy of controls infographic. .. .......... ... ... . .. . ... 90
Water ice formation around a pressure gauge joint due to a continuous
small leak that causes JT cooling .. .. ... ... .. ... . . . . . 136
Overview of carbon dioxide cloud formation from dense phase leak
above ground . . ... 137
Overview of carbon dioxide cloud formation from dense phase subsea
pipeline rupture . . ... 139
Side view of 7 mm liquid CO, release . .............................. .. 147
Isopleth of 35 mm liquid CO, release. . . ............................... 148
Side view of 35 mm liquid CO, release . ............................... 148
Concentration of CO, at ground level for 35 mm liquid CO, release ... ....... 148
Toxic probability of fatality at ground level for 35 mm liquid CO, release. . . . . .. 149
Isopleth of 100 mm liquid CO, release. . ............................... 149
Side view of 100 mm liquid CO, release ............................. .. 150
Concentration of CO, at ground level for 100 mm liquid CO, release .. .. ... .. 150
Toxic probability of death at ground level for 100 mm liquid CO, release ... ... 151




HAZARD ANALYSIS FOR ONSHORE AND OFFSHORE CARBON CAPTURE INSTALLATIONS AND PIPELINES

List of figures and tables continued

Figure 39
Figure 40
Figure 41

Figure 42
Figure 43
Figure 44
Figure C.1

Figure C.2

Figure C.3

Figure C.4

Figure C.5

Figure C.6
Figure D.1
Figure D.2
Figure D.3
Figure D.4
Figure D.5
Figure D.6
Figure D.7

Figure E.1
Figure E.2
Figure E.3
Figure E.4
Figure E.5
Figure E.6

Tables
Table 1
Table 2
Table 3
Table 4
Table 5
Table 6
Table 7
Table 8
Table 9

Side view of 7 mm gaseous CO, release . ............................ .. 151
Side view of 35 mm gaseous CO, release .. ............................ 152
Isopleth of 100 mm gaseous CO, release. .. ............................ 152
Side view of 100 mm gaseous CO, release .. ........................... 153
Concentration of CO, at ground level for 100 mm gaseous CO, release ... .. .. 153
Toxic probability of death at ground level for 100 mm gaseous CO, release . ... 154
Mass flow rate per unit area as a function of temperature at pressures

of 5,10, 20,40 and 80 bar. . ... ... ... .. 185
Typical thermodynamic paths from vessel (stagnation) to exit plane

conditions for three vessel thermodynamic states .. ...................... 187

Mass flow rate per unit area as a function of pressure for sub-cooled liquid and su-
percritical inventories. In each case the temperature is 0 °C. Flow rates are calculated
using the Bernoulli equation, the Bernoulli equation assuming the saturated vapour
.............................................................. 184
Mass flow rate per unit area as a function of pressure for sub-cooled liquid and
supercritical inventories. In each case the temperature is =20 °C. Flow rates are cal-
culated using the Bernoulli equation, assuming the saturated vapour pressure at the
BXIT . 185
Mass flow rate per unit area as a function of pressure for saturated liquid
inventories. Flow rates are calculated using the Bernoulli equation, the

general method, and the Omega method.. . ... ....... ... ... ... ... .. .... 190
Schematic diagram of the jet structure for a flashing liquid . . .. ........ .. ... 196
Effect of year of construction on likely failure .. .......... ... .. ... .. ..., 204
Impact of pipeline diameter on failure frequency and mode .. .............. 204
Impact of wall thickness on failure frequency and mode . .. ............. ... 205
Screenshot of reported pipeline incidents from 2002 till 2021............... 208
Break down of the number of injuries in 2007 (example). . .. ............... 208
Reported incident cause breakdown (2002-2021). . . ......... .. ... .. ..... 208
Break down of material and equipment failures as highlighted in orange

fromthe graph in Figure D.6. . . .. ... ... 209
Outbreak of CO, escape .. ....... ... .. ... .. ... .. ... ... .. 213
Melting the ice with the large capacity hot air blower . ... ............ .. ... 214
Carbon dioxide ‘fog’ inmainz. . ........ ... .. 219
CO, tanker with solid carbon dioxide ‘'snow’ around the leak .......... .. ... 219
Dense phase carbon dioxide pipeline rupture showing carbon dioxide ‘snow’ . .. 221
Aerial view of the pipeline rupture in yazoo County. . . ........... ... ...... 222
Joule-Thompson coefficient for a numberofgases . .. ............ ... ... .. 24
Exposure reactionsto CO,. . ... .. .. 36
Suggested exposure and fatality criteria for CO, offshore ... ......... ... ... 37
SLOT and SLOD values for CO, . ... ... . ... ... 37
STELand LTELfor CO, .. ... ... ... 38
Toxicity effects of H,Sinair. ... ... o 46
Toxicity effects on general population. .. ... ... .. ... 47
PSM focus areas and elements . .. ... ... 74
Derived probability of fatality for carbon dioxide. . . ......... ... ... ... .. ... 81




HAZARD ANALYSIS FOR ONSHORE AND OFFSHORE CARBON CAPTURE INSTALLATIONS AND PIPELINES

List of figures and tables continued

Page

Table 10 Summary of hazard and risk analysis. . .. ... ... .. ... 92
Table 11 Typical hazards and associated mitigations for gaseous phase

pipeline operation. . ... ... 94
Table 12 Typical hazards and associated mitigations for dense phase pipeline

OPEratiON .« o o 98
Table 13 Typical hazards and associated mitigations for full chain CCS ... ............ 102
Table 14 Typical hazards and associated mitigations for venting .. .................. 104
Table 15 Typical hazards and associated mitigations for compression/pumping .. ... .. .. 107
Table 16 Some hazards and associated mitigations for pigging facilities .. ............ 108
Table 17 Some hazards and associated mitigations forseals .. ............ .. ... .. .. 109
Table 18 Some hazards and associated mitigations for initial start-up .. .............. 110
Table 19 Some hazards and associated mitigations for shutdown .. ............... .. 111
Table 20 Some hazards and associated mitigations for repurposing

existing infrastructure . .. .. ... 113
Table 21 Some hazards and associated mitigations for full life cycle design............ 116
Table 22 Some hazards and associated mitigations for network expansion .. .......... 117
Table 23 Some hazards and associated mitigations for carbon capture plants .. ... ... .. 118
Table 24 Some hazards and associated mitigations for CO, conditioning. . ............ 120
Table 25 Some hazards and associated mitigations for onshore pipelines . ............ 122
Table 26 Some hazards and associated mitigations for above ground installations. . . . . .. 124
Table 27 Some hazards and associated mitigations for temporary storage. .. .......... 125
Table 28 Some hazards and associated mitigations for transition from

onshore to offshore .. .. ... ... . 127
Table 29 Some hazards and associated mitigations for offshore pipelines . ............ 128
Table 30 Some hazards and associated mitigations forrisers. . .......... ... .. L. 130
Table 31 Some hazards and associated mitigations for subsea isolation valves. . ... ... .. 131
Table 32 Dispersion modelling scenarios using PHAST v.8.4. . .. .. ... . ... ... ...... 145
Table 33 Results comparison for modelling dispersion. . ........... ... .. ... .. .. .. 155
Table 34 Future dispersion modelling scenarios. ... ......... .. ... .. . ... ... ... 158
Table 35 Summary of hazards arising froma CO, stream . ..................... ... 163
Table 36 Glossary of terms found within the document. . ......................... 170
Table 37 Glossary of acronyms found within the document. . ...................... 172
Table 38 Guidance documents for facility design. . .. ... . 176
Table 39 Health and Safety Executive publications. . .. ....... ... ... .. ... .. .... 178
Table 40 Environmental Protection Agency publications ............. . ... ... .. ..., 179
Table 41 Technical publications supporting facility design . .. .. ........ ... .. ... ... 179
Table 42 Additional reference material ... ... ... 180
Table 43 Recommended source term assumptions .. ............... ... 183
Table 44 Causes of subsea pipeline incidents from PARLOC 2012 ... ................ 203
Table 45 Pipeline failure data summary (incidents per 1,000 km.year) . ... ............ 206

10



HAZARD ANALYSIS FOR ONSHORE AND OFFSHORE CARBON CAPTURE INSTALLATIONS AND PIPELINES

ACKNOWLEDGMENTS

This project was commissioned by the Energy Institute’s Carbon Capture Usage and Storage
Committee and steered by the El's CCS2004 Working Group Chaired by Prakash Patel from Marsh
(Energy and Power). The research and update of the guideline were carried by Katherine Knight
and her team from PACE CCS, with contributions and guidance from the following Steering Group
members and section authors:

Yahya Al-Janabi Aramco

Andy Brown Progressive Energy

Arthur Delargy Liberty Global Group
John Entwistle Eni

Vincent Ganthy RSSB

Hamish Holt Independent Consultant
Sabina Housez BP

Sivaneswaran Kannan ~ ADNOC

David Kelly ExxonMobil

Graeme Laughland TUV Industrial Services Limited
Toby St Leger Harbour Energy

Prakash Patel Marsh (Energy and Power)

Affiliations refer to the time of participation.

Further contributions were provided by the EI CCS2004 Working Group and others. This is not a
complete list of all contributions.

The Energy Institute (El) wishes to record its appreciation of the work carried out by the authors
and its gratitude for the valuable contributions made by the CCS2004 Working Group and CCUS
Committee during the course of the project.

A draft version was distributed to industry stakeholders for technical review. Members from the
following organisations generously gave their time to provide feedback which is greatly appreciated:

Carbon Capture and Storage Association (CCSA)

DNV

ERM

Equinor

Health and Safety Executive

International Association of Oil and Gas Producers (IOGP)
Kent Plc

Shell

Uniper

Project coordination and technical editing was carried out by Marcela Betancur-Diaz and Eva
Leinwather (Energy Institute).

"



HAZARD ANALYSIS FOR ONSHORE AND OFFSHORE CARBON CAPTURE INSTALLATIONS AND PIPELINES

FOREWORD

In 2006, the then Department of Business, Enterprise, and Regulatory Reform (responsibilities now
allocated to the Department for Energy Security and Net Zero (DESNZ)) asked the UK Health and
Safety Executive (HSE) to determine if there were any health and safety concerns relating to the
deployment of large-scale carbon capture and storage (CCS) technology in the UK.

The HSE carried out a significant review of all aspects of the carbon capture and storage chain from
the various capture technologies through to the injection points on the offshore platforms. Part of
this process involved approaching the Energy Institute (El) and the Carbon Capture and Storage
Association (CCSA), who jointly organised a number of workshops to identify the key areas for
development. The workshops specifically identified a number of areas which it believed merited
greater attention.

The concerns were split into two broad subject areas:

1. Modelling the dispersion of any leak of carbon dioxide appropriately, and

2. Ensuring good practices from industrial gases sectors are fed into the UK CCS industry and are
adequate and appropriate for this new industry.

Modelling the dispersion of carbon dioxide

The HSE was concerned that, whilst commercial models were available to model the dispersion of
gases, including carbon dioxide, because they were unable to model solids, assumptions had to be
made.' As a result, any dispersion modelling using these may not be accurate, less so for impure
carbon dioxide. Without a model revision, coupled with validation testing, it would be difficult to use
them with any confidence. In identifying this as a need for development, the HSE and El set about
establishing a joint industry group to develop guidelines on ‘Hazard analysis for onshore carbon
capture installations and onshore pipelines’.

Ensuring good practices are used in the CCS industry

Carbon dioxide has particular properties which affect the choice of materials of construction and
plant design and the way that plants are operated and maintained, due to solid formation and low
temperatures. Although many of these issues are well understood by the industrial gases sector, they
are not ‘business as usual’ for the CCS industry. In response to the concerns raised by the HSE, the El
formed an industry group to work with the HSE to resolve the issues raised. The work formed three
discrete documents:

The first document was titled Technical quidance on hazard analysis for onshore carbon capture
installations and onshore pipelines; the second, Good plant design and operation for onshore carbon
capture installations and onshore pipelines. The third (which is now incorporated into the other two
revisions), was published three years later, was called Hazard analysis for offshore carbon capture
platforms and offshore pipelines, and complemented the first document.

The documents, which proved to be a well-used resource, were intended for guidance only and to
improve the industry’s knowledge, to assist developers and operators to carry out hazard analysis

1 Connoly, S. and Cusco, L. Hazards from high pressure carbon dioxide releases during carbon dioxide sequestration
processes. International Symposium Loss Prevention and Safety Promotion in the Process Industries. IChemE
Symposium Series 153.
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and procure and manage their plant safely. It was accepted when producing the documents that
it would be necessary, at some point in the future, to review the documents. A decade after their
publication, recognising both increased interest in CO, capture and storage and the work that has
been undertaken in the meantime, the El organised a series of workshops which identified the need
to update the earlier documents.

The opportunity was taken to restructure the two documents. All aspects relating to the hazards
associated with CO, have been drawn together into a single document, to include approaches to
ensuring that hazards are appropriately identified, quantified, and mitigated. A second document,
drawing on experiences from many countries, provides not only guidance on the various elements
that make up a chain (omitting geological storage), but also gives assistance on what is currently
perceived as good practice in design and operation.

The scope of the CCS chain covered by both of the new documents is shown here in Figure

1. In addition to the scope shown below, both documents will be of value to projects
utilising CO,.
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Figure 1: Scope of the CCS chain
This scope is a reflection of the expertise available to the CCUS Committee at the time of writing.

Whilst every reasonable care has been taken to ensure the accuracy and relevance of its contents,
the Energy Institute, its sponsoring companies, section writers and the working group members listed
in the Acknowledgements who have contributed to its preparation, cannot accept any responsibility
for any action taken, or not taken on the basis of this information. The Energy Institute shall not be
liable to any person for any loss or damage which may arise from the use of any of the information
contained in any of its publications.
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Please note that not all sections from the original guidance documents have been updated. This
publication will be further reviewed in the future, and it would be of considerable assistance for any
subsequent revision if users would send comments or suggestions for improvements to:

The Technical Department Energy Institute
61 New Cavendish Street, London

W 1G 7AR

E: technical@energyinst.org.uk
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