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Introduction to HSE

A HSE is the UK regulator for workplace health and safety
I Includes onshore/offshore pipelines, chemical/oil/gas infrastructure, offshore platforms etc.

I Activities: evidence gathering, policy development, consultation, regulation, incident
Investigation, enforcement

I HSE acts as an enabling regulator, supporting the introduction of new technologies

I 2,400 total staff
I £230M ($280M) budget: 60% from Government, 40% from external income

A HSE Science and Research Centre, Buxton, UK

I 400 staff, 550-acre test site =
I Scientific support to HSE and other Government departments

I "nShar ed r es eladustyhpoojeadsrco-fiinded bytHSE
I Bespoke consultancy on a commercial basis

© Crown Copyright HSE 2024



Why use ammonia as an energy vector?
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To transport energy in bulk around the world, it Is expensive to use hydrogen

Hydrogen (H,)

Ammonia (NH,)

Boiling point

-253AC

-33/C

Energy density?3
(cryogenic liquid)

9 MJ/litre

16 MJ/litre

30-40% of the energy content of
hydrogen is required to liquefy it?

Cheaper to produce ammonia from hydrogen (Haber-Bosch process) and transport liquefied
ammonia than it is to transport liquid hydrogen+

Cheaper to import green hydrogen from the Middle East as ammonia than produce green
hydrogen in the UK??2 Blue/green ammonia will also be shipped from elsewhere, e.g. USA

Ammonia can be cracked to hydrogen and fed into gas grid, or used in fuel cells to produce
electricity, with waste nitrogen released to air* (cracking ammonia takes >13% of stored energy)

Ammonia could be used for balancing peak electrical demand when renewable energy sources
cannot meet demand and for seasonal energy storage (like LNG peak shaving)

Ammonia currently handled in large quantities (180 Mt produced globally, 18-20 Mt shipped)?

I Technologies/procedures for bulk handling of ammonia exist from fertilizer/chemical industry, but there
are gaps in global ammonia standards for design/operation of future clean energy supply chains

1 https://doi.org/10.1039/D1SE00345C https://doi.org/10.1016/).is¢i.2021.102903

2 https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment data/file/880826/HS420 - Ecuity - Ammonia to Green Hydrogen.pdf

3 https://www.ammoniaenerqy.org/articles/ammonia-for-power-a-literature-review/

4 https://lwww.gencellenerqgy.com/

5 https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2022/May/IRENA Innovation Outlook Ammonia 2022.pdf

6 https://www.ics-shipping.org/wp-content/uploads/2021/07/MSC-104-15-9-Development-of-non-mandatory-quidelines-for-safety-of-ships-using-ammonia-as-fuel-Japan-Singapore-ICS-and....pdf



https://doi.org/10.1039/D1SE00345C
https://doi.org/10.1016/j.isci.2021.102903
https://www.ammoniaenergy.org/articles/ammonia-for-power-a-literature-review/
https://www.gencellenergy.com/
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2022/May/IRENA_Innovation_Outlook_Ammonia_2022.pdf
https://www.ics-shipping.org/wp-content/uploads/2021/07/MSC-104-15-9-Development-of-non-mandatory-guidelines-for-safety-of-ships-using-ammonia-as-fuel-Japan-Singapore-ICS-and....pdf

Other possible applications of ammonia?
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A Ammonia is seen as the future clean shipping fuel

Department
for Transport

By 2025 we expect that:

i. All vessels operating in UK waters
are maximising the use of energy
efficiency options. All new vessels
being ordered for use in UK waters
are being designed with zero
emission propulsion capability.

M arltl I | | ii. Zero emission commercial vessels
are in operation in UK waters.
P | an iii. The UK is building clean maritime

clusters focused on innovation and
infrastructure associated with zero
emission propulsion technologies,

including bunkering of low or zero

emission fuel.

July 2019

By 2035 we expect that:

iv. The UK has built a number of clean
maritime clusters. These combine
infrastructure and innovation for
the use of zero emission propulsion
technologies. Low or zeroc emission
marine fuel bunkering options are
readily available across the UK.

/- Under the assumptions made in the A
research, ammonia is estimated to be
more cost-effective than methanol or
hydrogen for most ship types. D

-

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment data/fi

le/815664/clean-maritime-plan.pdf

Climate

Change
Committee

The Sixth Carbon Budget

S h i p pi n g » Options forreducing emissions. Mitigation options considered include
improvements in vessel efficiency (including electricity), and use of zero-

carbon fuels

(principally ammonia made from low-carbon hydrogen)

displace fossil marine fuels.

© Crown Copyright HSE 2024

https://www.theccc.org.uk/wp-content/uploads/2020/12/Sector-summary-Shipping.pdf

fo

WHEN TRUST MATTERS

DNV

Energy Transition Outlook 2023

MARITIME
FORECAST
T0O 2050

A deep dive into shipping's
decarbonization journey

Itis
hard to identify clear winners among the many different
fuel options across all scenarios, butammonia (electro-
based and 'blue’)and bio-based methanol are the most
promising carbon-neutral fuelsin the long run.

https://eto.dnv.com/2021/maritime-forecast-2050/about



https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/815664/clean-maritime-plan.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/815664/clean-maritime-plan.pdf
https://www.theccc.org.uk/wp-content/uploads/2020/12/Sector-summary-Shipping.pdf
https://eto.dnv.com/2021/maritime-forecast-2050/about

Clean ammonia production projects
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Air Products NEOM (Saudi Arabia)

Green ammonia, due to start operating 2026

Solar/wind farm covering 150 km? area

1.2 Mt/yr ammonia to be exported to by ship to

Rotterdam, Hamburg and Immingham
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© Crown Copyright HSE 2024 https://www.yara.com/yara-clean-ammonia/

https://www.airproducts.com/news-center

https://www.hydrogeninsight.com/production/intervie

w-neoms-2-2gw-green-hydrogen-and-ammonia-

complex-will-meet-high-bar-eu-definition-of-

renewable-fuel/2-1-1498120

PTX ESBJERG

/

https://hoestptxesbjerg.dk

Air Products Louisiana Clean Energy (USA)

$4.5bn investment for blue hydrogen and ammonia,
due to start operating in 2026

CO, Capture Permanent Sequestration in
> Air Products Dedicated
Underground Facility

Natural
Gas Natural Gas
Gasification
L Blue Hydrogen B n into th
750 Million SCFD Blue Hydrogen Injection into the

Air Products
~700-Mile Long

Oxygen Hydrogen Pipeline
on the Gulf Coast
Nitrogen
Blue Ammonia

Ammonia Plant Exported to Global
Hydrogen Markets

Barents Blue (Norway)

HOAST PtX Esbjerg (Denmark)

Green hydrogen and ammonia
FID in 2025, operating 2028

AIOIST

Blue hydrogen setback | Europe's
largest blue ammonia project in limbo
after CCS partner Equinor pulls out

Planned undersea carbon storage facility left without
an operator, leaving no clear path forward for EU-
subsidised Barents Blue

https://horisontenergi.no/projects/barents-blue/

https://www.hydrogeninsight.com/production/blue-hydrogen-setback-europes-largest-

blue-ammonia-project-in-limbo-after-ccs-partner-equinor-pulls-out/2-1-1397825

v


https://www.airproducts.com/news-center
https://www.hydrogeninsight.com/production/interview-neoms-2-2gw-green-hydrogen-and-ammonia-complex-will-meet-high-bar-eu-definition-of-renewable-fuel/2-1-1498120
https://www.hydrogeninsight.com/production/interview-neoms-2-2gw-green-hydrogen-and-ammonia-complex-will-meet-high-bar-eu-definition-of-renewable-fuel/2-1-1498120
https://www.hydrogeninsight.com/production/interview-neoms-2-2gw-green-hydrogen-and-ammonia-complex-will-meet-high-bar-eu-definition-of-renewable-fuel/2-1-1498120
https://www.hydrogeninsight.com/production/interview-neoms-2-2gw-green-hydrogen-and-ammonia-complex-will-meet-high-bar-eu-definition-of-renewable-fuel/2-1-1498120
https://horisontenergi.no/projects/barents-blue/
https://www.hydrogeninsight.com/production/blue-hydrogen-setback-europes-largest-blue-ammonia-project-in-limbo-after-ccs-partner-equinor-pulls-out/2-1-1397825
https://www.hydrogeninsight.com/production/blue-hydrogen-setback-europes-largest-blue-ammonia-project-in-limbo-after-ccs-partner-equinor-pulls-out/2-1-1397825
https://www.yara.com/yara-clean-ammonia/
https://hoestptxesbjerg.dk/

Ammonia-powered ships
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YarkEyded container ship
Due to start operating between Norway and Germany in 2026

Yara i s currently the worl dos Iargeog‘?hggehslug

(15 ships, 18 terminals, annual revenue of $24bn)

—

https://www.yara.com/corporate-releases/the-worlds-first-clean-ammonia-

powered-contalner-shlp/ The Green Pioneer moored in Dubai for the COP28 summit. Photo: Paul
Peachey/TradeWinds
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Equipment

Heating Water
Lines

Ammonia Fuel
Lines

Gas Valve Units

~ ™~ ° _ — - - - by

NGreen = . . f or mi
ARMS Vent Mast | TR § Ammania Fuel
, AR - Ro " SR s Tank
Ammonia Release T . e y 't ] P

PIY vessef c Lsionsren S e e
»; — z.’::‘:r“’; Z 4 | / '_ T .
Der "0 ammoni ap=m—="TE8 S

.| Control Room

| TR

1\ Heating Water
V System
# SCR Control
[

¢ Equipment

Green Pioneer deck layout. Photo: Mattison McGellin

https://www.hydrogeninsight.com/transport/in-safe-hands-onboard-the-world-s-first-ammonia-powered-

ship-billionaire-andrew-forrest-s-green-pioneer/2-1-1576006 (Dec 2023)

Ammonia flagged as green shipping fuel of the

i Eidesvik Of f shor ed s

- NVi king Energyo
equinor ‘.; SUppIy vessel

Ammonia fuel cell to be
Installed in 2024

Marine operators are looking to clean up their act

https://eidesvik.no/viking-energy-with-ammonia-driven-fuel-cell/
https://www.ft.com/content/2014e53c-531f-11ea-alef-dal721a0541e

Adaptive behaviour: the Viking Energy supply vessel which is planned to run on ammonia fuel cells

https://shipfc.eu/

Charlotte Middlehurst MARCH 30 2020 D 1

© Crown Copyright HSE 2024

Singapore, 15 March 2024

World’s First Use of Ammonia as a Marine Fuel
in a Dual-Fuelled Ammonia-Powered Vessel in the Port of Singapore

Fortescue, with the support from the Maritime and Port Authority of Singapore (MPA)
government agencies, research institutes, and industry partners, has successfully conducted
the world's first use of ammonia, in combination with diesel in the combustion process, as a
marine fuel onboard the Singapore-flagged ammonia-powered vessel, the Forfescue Green
Pioneer, in the Port of Singapore. The Forfescue Green Pioneer was loaded with liquid
ammonia from the existing ammonia facility at Vopak Banyan Terminal on Jurong Island for
the fuel trial.

https://www.mpa.gov.sg/media-centre/details/world-s-first-use-of-ammonia-as-a-
marine-fuel-in-a-dual-fuelled-ammonia-powered-vessel-in-the-port-of-singapore



https://www.hydrogeninsight.com/transport/in-safe-hands-onboard-the-world-s-first-ammonia-powered-ship-billionaire-andrew-forrest-s-green-pioneer/2-1-1576006
https://www.hydrogeninsight.com/transport/in-safe-hands-onboard-the-world-s-first-ammonia-powered-ship-billionaire-andrew-forrest-s-green-pioneer/2-1-1576006
https://www.yara.com/corporate-releases/the-worlds-first-clean-ammonia-powered-container-ship/
https://www.yara.com/corporate-releases/the-worlds-first-clean-ammonia-powered-container-ship/
https://www.ft.com/content/2014e53c-531f-11ea-a1ef-da1721a0541e
https://eidesvik.no/viking-energy-with-ammonia-driven-fuel-cell/
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Immingham Green Energy Terminal DCO NSIP Yara Clean Ammonia and
(Planning examination stage in progress, April 2024) Azane granted safety permit
https://national-infrastructure- to build world's first low
consenting.planninginspectorate.gov.uk/ S . _
projects/TR030008 emission ammonia bunkering

© Crown Copyright HSE 2024

DR == terminal
|

— ’ MARCH 25, 2024

Ammonia import by ship
Cracking to hydrogen

Hyd rog en I Iq u efaCti on https://www.yara.com/corporate-releases/yvara-clean-ammonia-and-azane-granted-
. . . safety-permit-to-build-worlds-first-low-emission-ammonia-bunkering-terminal/
Future: carbon dioxide ship transport

10
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A Hydrogen and ammonia infrastructure: safety and risk information and guidanceo by
Lloyds Register, May 2020

https://staticl.squarespace.com/static/5d1c6c223c9d400001e2f407/t/5eb553d755f94d75be877403/1588941832379/Report+D.3+Safety+and+requlations+LIoyds+Reqister.pdf

A fExternal safety study - bunkering of alternative marine fuel for seagoing vessels, Port of
A Im Ste I d am b D N\/, Apnl 202 1 https://sustainableworldports.org/wp-content/uploads/DNV-POA-Final-Report External-safety-study-bunkering-of-alternative-

marine-fuels-for-seagoing-vessels Rev0 2021-04-19.pdf

A Bafety and operational guidelines for piloting ammonia bunkering in Singaporeo , eNV
ammonia safety study for Global Centre for Maritime Decarbonisation (GCMD), April 2023

https://www.gcformd.org/ammoniabunkeringreportdownload

A MPAmmonia as a marine fuelo , Mari ti me Energy & Sustailnabl e De
Nanyang TeChnOIOg|Ca.I Un|VerS|ty (NTU), OCtOber 2022 https://www.ntu.edu.sg/mesd-coe/publications

A fRecommendations for design and operation of ammonia-fueled vessels based on multi-
disciplinary risk analysiso by L | oy d sMafRs& Bla-Ksnhey Malldr Ganter for Zero

Cal’bOn Sh|pp|ng, June 2023 https://www.zerocarbonshipping.com/publications/recommendations-for-design-and-operation-of-ammonia-fueled-vessels-based-on-
multi-disciplinary-risk-analysis/

A ITOCHU Joint Study Framework on Ammonia as an Alternative Marine Fuel T any progress?

https://www.itochu.co.|p/en/news/news/2022/220406.html

© Crown Copyright HSE 2024 11
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RWE and VTG develop logistics concept for

ammonia: from import terminal to customer by rail :
Centrica Energy,

Bord Gais Energy

[rom ot e and Mitsubishi .~
@g i gg;ﬁiifoﬂfi Sstv@lop - e fie 1 Greenammonia terminal Power Ann ounce
for ammonia Development Of
G Y Europe’s First
Ammonia Fired
Power Generation

28 NOVEMBER 2023

Bord Gais Energy's Whitegate Combined
Cycle Gas Turbine (CCGT) power station
in Cork, Ireland. Centrica and Mitsubishi
Fower Europe Limited have signed a
Memorandum of Understanding to explore
the development, construction, and
operation of Europe's first-ever ammonia-
fired power generation facility at Bord Gais
Essen/Hamburg, 13 February 2023 Energy's Whitegate Combined Cycle Gas
Turbine (CCGT) power station in Cork,
Ireland. Photo: Bord Gais Energy
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* Customers in Germany and the Netherlands can be reached without pipelines or inland ports
' Investigation of supply routes and required filling and transport capacities underway

News on RWE's planned green import terminal for ammonia in Brunsbuttel: RWE plans to use rail
transport for the onward journey of this fuel. To this end, the company is working with the global logistics

company VTG to deliver the ammonia by tank wagon to customers in Germany and neighbouring _ ) ) i :
R T T https://www.centrica.com/media-centre/news/2023/centrica-energy-bord-gais-enerqy-and-

mitsubishi-power-announce-development-of-europes-first-ammonia-fired-power-generation-facility/

https://www.rwe.com/en/press/rwe-supply-and-trading/2023-02-
13-rwe-and-vtg-develop-logistics-concept-for-ammonia/

© Crown Copyright HSE 2024
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Ammonia distribution for vehicle refuelling

PROTECTING PEOPLE
AND PLACES

HSE

dev

mmcgen

ammania to hydrogen
conversion project

A world-leading ammonia to
hydrogen project at Tyseley
Energy Park

A £6.7 million from the Department for Business,
Energy and Industrial Strategy (BEIS)

A  Principle: distribute ammonia to local vehicle
refuelling stations where it is cracked to hydrogen

A Ammonia storage and vaporization units arrived
on site in Sept 2023 '

A Commissioning in Jan 2024
A https://ammogen.co.uk/

© Crown Copyright HSE 2024

Delivery to
Tyseley Energy Park

< H2SITE's
advanced
NH3
cracking
reactor

Hydrogen
szugllgn
system for
transport
applications

AIR SEPARATION H2
UNIT ELECTROLYSIS

—

g

Meet our partners involved in the project...

o |
Gemserv
Talan®
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What are the important safety issues? "0 -AcES HSE

A Increased transport, storage and use of ammonia is highly likely in coming decade

I New operators and emergency responders unfamiliar with safety of bulk \ 7 S Bl
AR A A : 'ﬁh fﬁ;_ uum{m
ONCLAE A
' pgthin)'bt__O.né;f’,

ammonia transport and storage R
I Change of risk profile | %W «
A  Regulatory considerations for bulk ammonia storage at ports '
I Ports often located near populated areas
I Onshore bunkering and/or floating barges?
I Onshore/subsea pipeline connection to single mooring point?

I Multiple stakeholders: Site operators, Health and Safety, Environment, |
i .. .. i https://www.phmsa.dot.gov/sites/phmsa.d
Security, Port Authorities, Local Authorities, Coastguard, Emergency ServiCes  otgovifiles/2020-08/ERG2020-WEB.pdf

A Risk assessment

I Need to build confidence and trust in risk assessments for ammonia and ensure underlying
models are robust and validated

0 Includes source models, atmospheric transport and dispersion models, waterborne hazard models
A Emergency planning and response
I Advice to emergency responders on cordon distances and protective actions

(&

K
NG i o
’;‘tr SITHONRE ¢
h j».~"'""‘/ \ 6 2 WOOLSTON

.
)(
2T

=

2.8 mile radius for ammonia railcar release
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https://www.phmsa.dot.gov/sites/phmsa.dot.gov/files/2020-08/ERG2020-WEB.pdf
https://www.phmsa.dot.gov/sites/phmsa.dot.gov/files/2020-08/ERG2020-WEB.pdf

Useful reviews for further reading
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Ammonia:
zero-carbon fertiliser,
fuel and energy store

POLICY BRIEFING

THE

ROYAL
SOCIETY

Current ammonia storage and transport infrastructure

Ammaonia: health and environmental considerations

1. The decarbonisation of ammonia production
11 Current ammonia production process — brown ammaonia

1.2 Blue ammonia preduction — using blue hydrogen from steam methane
reforming (SMR) with carbon capture and storage (CCS)

1.3 Green ammaonia production — using green hydrogen from water electralysis

1.3.1 Research opportunities
1.4 Novel methods for green ammonia synthesis

2. New zero-carbon uses for green ammeonia
21 The storage and transportation of sustainable energy
2.2 Ammaonia for the transportation and provision of hydrogen
2.3 Technological opportunities for ammonia as a transport fuel
2.4 The use of ammania in heating and cooling
2.5 Energy conversion efficiency

3. International perspectives: activities and future opportunities
3.1 Japan
3.2 Awustralia

3.3 China
Conclusions
Annex A: Definitions

Annex B: Acknowledgements

© Crown Copyright HSE 2024
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A Royal Society policy briefing on green ammonia, 2020

https://royalsociety.org/-/media/policy/projects/green-ammonia/green-ammonia-policy-briefing.pdf

Vd

A International Power-to-X Hub reports, 2024

I Ammonia, nitrogen and green hydrogen production and purification

https://ptx-hub.org/wp-content/uploads/2024/01/International-PtX-Hub 202401 Ammonia-nitrogen-and-green-
hvdrogen-production-and-purification.pdf

I Ammonia transport and storage

https://ptx-hub.org/wp-content/uploads/2024/01/International-PtX-Hub 202401 Ammonia-transport-and-storage.pdf

A  Ammonia roadmap journal paper, 2023 https:/dx.doi.org/10.1088/2515-7655/ad0a3a
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Contents
1. Introduction to HSE
2. Ammonia as an energy vector
I Review of ammonia energy projects
(3. Properties
I Flammabillity, toxicity, density, etc. of ammonia, hydrogen and CO,,
< | Effect of ammonia on materials Y
4. Potential hazards and previous incidents
5. Emergency response
6. Standards, guidance and regulations
/. Knowledge gaps
8. HSE research projects
9. Briefly: CCUS and hydrogen safety studies at HSE
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© Crown Copyright HSE 2024

' e K ] B e 3 T - .

Plume image source:
http://www.hysafe.org/science/eA
. cademy/docs/4thesshs/presentati
ons/ESSHS2009KellerJ1.pdf

rd

Low concentrations
on edge of plume,
too dilute to burn

High concentrations in core

Plume is flammable of plume, too rich to burn

where concentrations are
between 5% and 15% v/v

Methane [N < Methane flammable range 51 15% v/v

https://www.osti.gov/biblio/7355338/

0 20 40 60 80 100
Percent by volume in air (% v/v)

DToo dilute to burn - Flammable DToo rich to burn
(but could burn if diluted)
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PROTECTING PEOPLE ¢}
Flammability and toxicity AND PLAGES  HSE

Hydrogen has a wide flammable range, I.e., it is possible to ignite and burn a large proportion of the plume
Ammonia has a relatively narrow flammable range (needs to be richer than methane to burn)

Ammonia Is also difficult to ignite (its minimum ignition energy Is over a thousand times that of hydrogen)

Ammonia -
Hydrogen _ GG

Methane [N N Methane flammable range 51 15% v/v

https://www.osti.gov/biblio/7355338/

\Ammonia flammable range 151 28% v/v

T~ Hydrogen flammable range 4 1 75% v/v

0 20 40 60 80 100
Percent by volume in air (% v/v)

DToo dilute to burn - Flammable DToo rich to burn
(but could burn if diluted)

© Crown Copyright HSE 2024
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Flammability and toxicity AND PLAGES  HSE

Ammonia Is toxic at lower concentrations than when it is flammable (also detectable by smell at ~17 ppm)

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment data/file/290981/scho0307bmkt-e-e.pdf

Carbon dioxide Is toxic at a similar concentration to common hydrocarbon flammable limits

Carbon dioxide is not just an asphyxiant
e

Lethal effects with CO,, concentrations > 10% v/v

https://www.eiga.eu/uploads/documents/SI1024.pdf

. https://www.rivm.nl/sites/default/files/2018-11/20091002 Evaluation toxicity COZ2.pdf
anmorie. N .

Carbon dioxide

Ammonia AEGL-3 (10-minute exposure) Is

2,700 ppm or 0.27% vlv
Am mon | d - https://www.epa.gov/aeqgl/ammonia-results-aeql-program

\Ammonia flammable range 151 28% v/v
Hydrogen _ [

Methane [N < Methane flammable range 57 15% v/v

https://www.osti.gov/biblio/7355338/

T~ Hydrogen flammable range 4 1 75% v/v

0 20 40 60 80 100
Percentby volume in air (% v/v)

DToo dilute to burn - Flammable DToo rich to burn - Toxic (AEGL-3) or equivalent
(but could ignite if diluted) life-threatening health effects or death

© Crown Copyright HSE 2024 See AIHA for alternative occupational exposure levels www.aiha.org
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Asphyxiation: possibility of fainting within a few
minutes without warning and risk of death with
< 11% v/v oxygen (which equates to > 48% v/v
of an inert gaS) https://www.eiga.eu/ct_documents/doc044-pdf

Asphyxiation

Carbon dioxide

0] warbon gloxide s oLjust an aspryxiant
T~ Lethal effects with CO,, concentrations > 10% v/v

https://www.eiga.eu/uploads/documents/SI1024.pdf

] https://www.rivm.nl/sites/default/files/2018-11/20091002 Evaluation toxicity COZ2.pdf
Anmorie. N .

Ammonia AEGL-3 (10-minute exposure) Is
2,700 ppm or 0.27% vlv

https://www.epa.gov/aegl/ammonia-results-aeql-program

Ammonia

\Ammonia flammable range 151 28% v/v

Hydrogen _ [

T~ Hydrogen flammable range 4 1 75% v/v

Methane [N N Methane flammable range 51 15% v/v

https://www.osti.gov/biblio/7355338/

0 20 40 60 80 100
Percentby volume in air (% viv)

DToo dilute to burn - Flammable DToo rich to burn - Toxic (AEGL-3) or equivalent
(but could ignite if diluted) life-threatening health effects or death

© Crown Copyright HSE 2024 See AIHA for alternative occupational exposure levels www.aiha.org
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's ammonia heavier or lighter than air? "> PLACES HSE

20
Molecular mass indicates the buoyancy of the gas in air = 45

(assuming that they are at the same temperature and there are no aerosols) £ 40

D235 Heavier than air
0 30 s eeennneeeens C O, 0AS SINKS O
E 29 the ground
o 20 g
E 15
% 10
= 5

0 [

Air Methane Hydrogen Ammonia Carbon

\ ' ] dioxide

Buoyant gases rise

© Crown Copyright HSE 2024
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IS ammonia heavier or lighter than air?

PROTECTING PEOPLE ¢\
AND PLACES HSE

Molecular mass indicates the buoyancy of the gas in air
(assuming that they are at the same temperature and there are no aerosols)

But é

Methane, hydrogen and ammonia can all behave as
heavy gases if they are cold and aerosols are present

Methane (liguefied natural gas)

https://www.tradewindsnews.com/weekly/mol-outlines-
lessons-learned-from-Ing-ship-cargo-release/1-1-769623

© Crown Copyright HSE 2024

Hydrogen

Liquid hydrogen release experiments at
HSE for www.preslhy.eu

50
S 45
£ 40
235
30
25
20
15
10

Molecular mass

Heavier than air
- CO, gas sinks to
the ground

Air Methane Hydrogen Ammonia Carbon

\ ' ] dioxide

Buoyant gases rise

Ammonia

© DHS S&T CSAC www.uvu.edu/es/iack-rabbit/

See Haddock & Williams (1978) https://admlic.com/safety- 5,
and-reliability-directorate-srd-series-reports/



https://www.tradewindsnews.com/weekly/mol-outlines-lessons-learned-from-lng-ship-cargo-release/1-1-769623
https://www.tradewindsnews.com/weekly/mol-outlines-lessons-learned-from-lng-ship-cargo-release/1-1-769623
http://www.preslhy.eu/
http://www.uvu.edu/es/jack-rabbit/
https://admlc.com/safety-and-reliability-directorate-srd-series-reports/
https://admlc.com/safety-and-reliability-directorate-srd-series-reports/

Other properties

PROTECTING PEOPLE ¢\
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| Methane CH, Hydrogen, H, Carbon Dioxide, CO,

Boiling pointA a(°C)
Dynamic viscosity*@ (uPa.s)

Specific heat capacity at
constant pressure*? (kJ/kg.K)

Burning velocity? (m/s)
Detonation cell size® (mm)
Autoignition temperature®c (°C)
Minimum ignition energy®c (mJ)

Minimum quenching distanceP
(mm)

Maximum experimental safe
gap? (MESG) (mm)

Minimum Igniting Current¢
(MIC) ratio

Temperature Class®?
Equipment Group®

A Sublimation temperature for CO,

* Properties given at 15°C and ambient pressure

© Crown Copyright HSE 2024

-161
11
2.2

0.37
2501 310
595
0.26
2.0

1.1

1.0

T1
A

-253
8.7
14

3.2
15
560
0.01
0.5

0.29

0.25

T1
1IC

a https://encyclopedia.airliguide.com

b Drysdale (1998)
¢ Babrauskas (2003)

4BS EN 60079-20-1:2010 (BSI, 2010)

9.7
2.2

651
680

3.2
6.9

T1
A

Danger

Explosive atmosphere

ATEX Category 3

ooooooooooooooooooooooooooooooooooooooo

14
0.8
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Ammonia phase diagram D¢ ACES HSE

At normal atmospheric
pressure of 1.01 bar,

Pressure (bar abs)

the boliling point of
ammonia Is -33°C

(Conditions usually used
for bulk storage and ship
transport)

© Crown Copyright HSE 2024

14

12

10
° Liquid
i Iqul At a typical atmospheric

\ temperature of say 15°C,
4 vV a pressure of 7.2 bar will
5 apour liguefy ammonia
0 (Conditions used for road,
-40 -30 -20 -10 0 10 20 30

rail and pipeline transport)
Temperature (deg C)

https://webbook.nist.qgov/cqi/cbook.cqi?ID=C7664417&Mask=4#Thermo-Phase

Stull D.R. (1947) Vapor Pressure of Pure Substances. Organic and Inorganic Compounds, Ind. Eng.
Chem., 39, 4, 517-540, https://doi.org/10.1021/ie50448a022
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Liquid ammonia pools: flammability AND PLACES  HSE

Presented at the Air Separation and Ammonia Plant Safety Symposium at the 1963 San Juan meeting of the
V4

A Experiments undertaken on ignited pools of "
. . . . . HAZARD OF LIQUID AMMONIA SPILLS FROM
cryogenic liguid ammonia in the 1960s LOW PRESSURE STORAGE TANKS

H. W. Husa and W. L. Bulkley

A Found it difficult to sustain a pool fire

Whiting, ind.

A Water Sprayed Onto pOOI I n Cre ased the am mo n I a After 2 few minutes, the boiling subsided and near

steady-state conditions were established. An ignited
railway fusee was then passed through the vapor above

- . . - . the liquid surface and through the vapor cloud rolling
evaporation rate and increased the fire intensit et e i T ke e A e ot e
were probed from the surface of the liquid upward for

geveral tnckhes, Mo sustained flame was chserved.
-l Brief lacal flashes occurred when the flare was

A Combustion was incomplete: toxic ammonia T Ty oty st o B
hazard persisted downwind from burning pool

Spillage to surroundings

A portion of the liguid in the pan was spilled
ante the surrounding slag where it boiled vigorously.
]:-.-':r:'."ing the flare intd the VRPGT claud resglted in
ignition., The vapor burned with a colerless flame
which persiated after the flare was removed. The
flarme was stable in the brisk wind, and some tongues
of fire were 10 fi. long. Radiation from the flame
could be felt, but its intensity was considerably lass
than that {from & hydrocarbon fire of comparable size.

Burning ceased when boiling stopped. With the
addition of liguid ammonia, the fire could be rekindlad,
but it was smaller, With each succesgive addition aof
ammenia, the fire diminighed in size and eventually
degenerated into a wisp of flame in the lee of the pan
lip. The ammonia-wetted slag was quite cold to the
touch,

When water was sprayved onto the cold ammonia-
wetted slag, vigorsous boiling cccurred. The vapor
burned and the flames were stable in the wind. The
burning seguénce was repeated with spills onto fresh
slag. However, at no time could the flame be made to
propagate back inte the liquid ammenia paol in the pan.

Although the ammonia flames were noticeably
less intense than hydrosarbon flames, subseguent tests
demonstrased that ammeonia flames can ignite hydro-
carbon-air mixtures and readily cembustible solids

© Crown Copyright HSE 2024 https://www.youtube.com/watch?v=TezJ82GuUuw such s paper and wood splinters.
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Effects of ammonia on materials @ iees  HSE

>\

Stress Corrosion Cracking (SCC) sometimes experienced in ammonia transport
and storage tanks

Depends on type of steel, ammonia impurities and stresses in the
Mainly occurs in welds and heat-affected zones )
Uncommon in cryogenic tanks operating at -332C i &
Addition of 0.2% water to ammonia acts as corrosion inhibitor & &
Water-inhibited tanks can still suffer SCC in vapor space
Primary cracking promoter Is oxygen (Jjust 0.5 ppm can lead to SCC)

Lunde & Nyborg (1987) found that maximum SCC rates occurred with 3-10 ppm
oxygen and up to 100 ppm water

Zinc, copper and copper-based alloys are susceptible to SCC and should not be
used with ammoni a* (see nseason crackimr

L. Lunde and R. Nyborg (1987) Stress Corrosion Cracking of Different Steels in Liquid and Vaporous Ammonia, Corrosion 43 (11): 6801 686 https://doi.org/10.5006/1.3583849
* HSG30 Storage of anhydrous ammonia under pressure in the United Kingdom, Health and Safety Executive (also CGA G-2.1-2023)

© Crown Copyright HSE 2024 26
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Effects of ammonia on materials @ iees  HSE

A Embrittlement at low operating temperature of -33AC
I Need to use suitable grades of steel and/or heat treatment

A Corrosion under insulation
| Caused by water trapped underneath insulation in contact with steel pipework

I For further details, See. https://www.hse.gov.uk/foi/linternalops/hid_circs/technical _general/spc_tech gen 18.htm

A Non-metallic materials:
I Nitrile and neoprene rubber parts are suitable within their temperature limitations
I Butyl and ethylene propylene rubbers should only be used in ammonia vapour systems
I PTFE, polypropylene, polyethylene and nylon are relatively unaffected by ammonia
I Most other rubbers and plastics are unsuitable, fluoro-elastomers are badly affected

A See guidance given in ammonia standards and guidance i later slides

© Crown Copyright HSE 2024
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Ammonia is not Ammonium Nitrate "> " CE

HSE

A Beirut explosion was ammonium nitrate, FEEEEEs
not ammonia

LEBANON

- " > —
FE Ul )
.

AREA OF EXPLOSIONS

BEIRUT

https://www.nytimes.com/video?src=vidm

© Crown Copyright HSE 2024
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Incidents with pressure-liquefied ammonia
Ambient temperature, pressure > 7 bar

30
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Potchefstroom, South Africa (1973) " F-ees  HSE

D> > I

© Crown Copyright HSE 2024

One of four 50 t storage tanks ruptured while being filled with pressure-
liguefied ammonia from a railroad car

Tank falled due to brittle fracture of a dished end of the vessel

Subsequent investigation found issues with material properties of steel tank
30 tons of ammonia released from tank, plus 8 tons from the railcar

65 people hospitalized and 18 deaths

Y T el
PitsolSt

B 5 ¥

P

Lonsdale, H. Ammonia tank failure-South Africa, Ammonia Plant Safety 17: 126-131, 1975, and analysis by Doug Sommerville for US Department of Homeland Security
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Houston, Texas (1976)

A Road tanker crashed through highway bridge rail at intersection

A Vessel holding 19 t of pressure-liquefied ammonia ruptured on impact
A Dense cloud of ammonia vapour covered an area of 300 m x 600 m
A 100 people injured, 6 deaths

https://www.houstonchronicle.com/news/houston-texas/houston/article/In- Photograph taken by Texas Air Control Board

1976-an-ammonia-truck-disaster-claimed-the-12906732.php © Texas Commission Environmental Quality copyright 1976

© Crown Copyright HSE 2024 32
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Houston, Texas (1983)

A Leak from ammonia refrigeration equi pme
A Vapour accumulated and found ignition source, producing a vapour cloud explosion
A Fire fighters set to enter building in breathing apparatus at time of explosion

A Incident occurred on early Sunday morning, no serious injuries
A Demonstrated that if ammonia vapour is confined, explosion can be severe
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ice cream plant downtown where a biast triggersd bvn-mﬂ'""

pmmmum-;u«-v-ll"h“"\"-"
 An ammonia leak at 3 downtown Houstoa ice cream

https://ashraehouston.org/downloads/Historian/borden s icecream factory explosion 1983.pdf#:~:text=T
his%20was%?20disastrously%20indicated%20by%20the%20December%2011%2C traffic%20t0%20be%2
© Crown Copyright HSE 2024 Oexposed%20t0%20the%20explosion%20results. 33
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Dakar, Senegal (1992)

A Ammonia storage vessel with capacity of 17.7 t ruptured due to overfilling with
more than 22 t of pressure-liguefied ammonia

Vessel had previously cracked and been repaired
Vessel fractured violently into two parts

Visible cloud reported to distances of around 250 m
1,150 people injured, 129 deaths

Later analysis using dispersion model indicated a potential for fatalities up to a

distance of 1 km, and injuries up to 4 or 5 km downwind
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https://www.aria.developpement-durable.qgouv.fr/wp-content/files mf/A3485 ips03485 002.pdf

| https://www.aiche.orqg/sites/default/files/cep/20230747.pdf
© Crown Copyright HSE 2024 34
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© Crown Copyright HSE 2024

Train derallment caused rupture of 5 ammonia tank cars and 350 t release

Ammonia cloud gradually expanded 5 miles downwind of the accident site and
over a population of about 11,600 people

322 people sustained minor injuries, 11 sustained serious injuries, 1 death

Cause: poor maintenance of joint bars in continuous welded rail and
Insufficient tank car crashworthiness
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https://www.ntsb.gov/investigations/AccidentReports/Reports/RAR0401.pdf
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PROTECTING PEOPLE ¢}
Kingman, Kansas (2004) ANDPLACES — HSE

A 8-inch diameter Magellan pipeline ruptured and released 480 t of ammonia
A Visible vapour cloud 0.5 miles wide and 1.5 miles long
A Four families evacuated, no injuries

A Analysis showed pipeline rupture was caused by damage from digging
equipment, either during construction or later agricultural activities

https://www.ntsb.gov/investigations/AccidentReports/Reports/PABO702.pdf

© Crown Copyright HSE 2024
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PROTECTING PEOPLE ¢}
Tampa Bay, Florida (2007) ANDPLACES ~ HSE
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© Crown Copyright HSE 2024

Teenager took 2 days to drill through steel wall of 6-inch diameter ammonia
pipeline using a cordless drill

Suffered burns from jetting ammonia, but fell or jumped into river and survived
Public evacuated from ¥ to ¥2 mile radius

Fortunately, pipeline was operating at half usual pressure due to maintenance

https://incidentnews.noaa.qov/incident/7711#!
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PROTECTING PEOPLE ¢\
Swansea, South Carolina (2009) AND PLACES  HSE
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Transfer hose ruptured between cargo tank truck and storage tank, releasing
3.1t of ammonia

Visible cloud drifted from parking lot of the facility across nearby highway
14 people suffered minor injuries, 7 people hospitalized, 1 death

Investigation found that transfer hose was not compatible with ammonia
service

https://www.ntsb.gov/investigations/AccidentReports/Reports/HZM1201S.pdf
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PROTECTING PEOPLE ¢
Tekamah, Nebraska (2016) ANDPLACES ~ HSE
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8-iInch diameter Magellan pipeline ruptured and released 260 t of ammonia
49 people evacuated, 1 death

Several previous leaks in West leg of Magellan pipeline needed repairs: one In
1984, five between 1988 and 1990, three between 1993 and 1994

Cause of 2016 incident: corrosion fatigue cracking of pipeline steel
In 2019, Magellan announced they would decommission the 1,100-mile pipeline

Magellan WEST LEG 8" Ammonia
Pipeline Valve Actions on the Night of @

the Accident

https://www.ntsb.gov/investigations/AccidentReports/Reports/PAB2001.pdf
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PROTECTING PEOPLE  ¢%
Beach Park, lllinois (2019) "D FPLACES HSE

A Release of 1.5 t of ammonia from faulty coupling on two 1,000-gallon nurse
tanks being towed by a tractor in farming area

A Vapour dispersed in dense cloud: 1 mile shelter-in-place order imposed
A 83 people taken to hospital, 14 admitted, 8 in intensive care unit, no deaths
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- Multipurpose valves
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https://www.cbsnews.com/chicago/news/ammonia-spill-beach-park/ ’ . sl d “., f‘
’ : el

https://www.chicagotribune.com/suburbs/lake-county-news-sun/ct-Ins-ammonia-
spill-no-charges-st-0626-20190625-ikztowsrhfhwhgym3lryjk4v2m-story.html
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https://www.ntsb.gov/investigations/AccidentReports/Reports/HZIR2201.pdf
https://www.cbsnews.com/chicago/news/ammonia-spill-beach-park/
https://www.chicagotribune.com/suburbs/lake-county-news-sun/ct-lns-ammonia-spill-no-charges-st-0626-20190625-ikztowsrhfhwhgym3lryjk4v2m-story.html
https://www.chicagotribune.com/suburbs/lake-county-news-sun/ct-lns-ammonia-spill-no-charges-st-0626-20190625-ikztowsrhfhwhgym3lryjk4v2m-story.html

PROTECTING PEOPLE =¢%
Teutopolis, lllinois (2023) NP FLACES HSE

A Road traffic accident involving ammonia road tanker colliding with parked trailer
A Six-inch hole punched in tanker, which released 18 t of ammonia

A 500 people within 1 mile radius evacuated

A 5 people killed, 5 further people airlifted to hospital
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https://apnews.com/article/teutopolis-effingham-illinois-truck-accident-chemical-spill-4e86653¢ch60515022dea05¢c45046329d

https://www.cbsnews.com/chicago/news/deadly-tanker-crash-chemical-spill-cause-illinois/?intcid=CNR-02-0623

© Crown Copyright HSE 2024
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PROTECTING PEOPLE ¢\
AND PLACES HSE

Chennal, India (2023)

© Crown Copyright HSE 2024

Release from 8-inch diameter flexible high-density-polyethylene ammonia
pipeline running underwater from fertilizer plant at Ennore port, near Chennai

During pipeline pre-cooling process, pressure drop recorded in pipeline and
gas bubbles observed 2 feet from shore

Release occurred at night and cloud passed through nearby fishing village
52 people hospitalised
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Residents from Periyakuppam fishing hamlet staging demonstration in front of Coramandel International
Limited, Ennore on December 27,2023 | Photo Credit: B. Jothi Ramalingam

https://www.thehindu.com/news/cities/chennai/many-hospitalised-as-ammonia-
gas-leaks-out-at-an-industrial-unit-in-tamil-nadus-ennore/article67678852.ece

42


https://www.thehindu.com/news/cities/chennai/many-hospitalised-as-ammonia-gas-leaks-out-at-an-industrial-unit-in-tamil-nadus-ennore/article67678852.ece
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PROTECTING PEOPLE ¢\
AND PLACES HSE

Incidents with temperature-liquefied ammonia
Pressures usually close to atmospheric pressure
Temperatures around -33AC

43



PROTECTING PEOPLE ¢\
AND PLACES HSE

Blair, Nebraska (1970)

Overflow of ammonia from 36,000 t refrigerated storage tank
Tank levels not carefully monitored, alarm and shut-down system failed to operate

Overflow discharge valve falled to operate at the set pressure, so that the liquid level In
the tank rose until it reached the roof, at which point the overflow valve did open

A Discharge continued for 2.5 h, producing a dense vapour cloud that blanketed the
surrounding area, 10 m thick and extending to a distance of 2.7 km

A Cloud eventually dispersed and avoided populated areas, three people hospitalized

D> > I

Photos kindly provided by Steven Hanna (originally from Rex Britter)
See also: Lees Loss Prevention, ISBN: 978-0-12-397189-0

The Enterprise newspaper, 1 October 2004, www.blairnebraska.com

© Crown Copyright HSE 2024
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PROTECGTING PEOPLE 32
Jonova, Lithuania (1989) /"D FLACES HSE

Release of 7,000 t of ammonia from 10,000 t refrigerated storage tank
Cause: 14 t of warm ammonia at 10AC transferred into tank

Warm ammonia liquid increased vaporization rate, vapour built up and over-
pressuri zed the vessel, causing tank toc

Tank moved sideways from Its base, smashed through the concrete wall,
landing 40 m away

Pool of ammonia ignited. Fire affected nearby ammonium nitrate store
Ammonia facility was 5 km from town of Jonova with 40,000 inhabitants
Cloud of ammonia and nitrous fumes spread 35 km downwind

32,000 people evacuated, 57 Injured, 7 deaths
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See Lees Loss Prevention, ISBN: 978-0-12-397189-0 and n L o-ramge transport of ammonia released in a major chemical accident at lonava, Lithuani abo
http://dx.doi.org/10.1007/978-1-4615-3720-5 59

https://www.aiche.org/resources/publications/cep/2024/february/rollover-possible-ammonia-storage-tank
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PROTECTING PEOPLE 2%
Rostock, Germany (2005) 0 PLACES HSE

TS

During commissioning of tank into service after repairs, violent reaction caused failure
of tank and release of 100 t of ammonia

Aqueous ammonia had been added into base of tank

Ammonia was sprayed into top of tank to Iinitiate cooling process

Thin layer of oil on pool surface in tank prevented mixing of ammonia droplets
Opening of drain valve broke oll layer, causing ammonia and agueous ammonia to mix
Ammonia is water reactive and this mixing caused sudden pressure increase

Relief valves not sized for rapid pressure rise, causing rupture of tank

Two people injured, one later died

> > > >

Source: K. Bakli, W. Versteele and B. Swensen (2006) Safe ammonia storage,
Ammonia Technical manual, p117-124
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