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Overview

▪ Quick introduction to HSE

▪ UK support for Net Zero technologies 

▪ Ammonia properties

▪ Previous incidents

▪ Recent safety and risk studies 

▪ Scientific knowledge gaps
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Introduction to HSE

▪ HSE is the UK regulator for workplace health and safety

– Includes onshore/offshore pipelines, chemical/oil/gas infrastructure, offshore platforms etc.

– Activities: evidence gathering, policy development, consultation, regulation, incident 

investigation, enforcement

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

– 2,400 total staff 

– £230M ($310M) budget: 60% from Government, 40% from external income

▪ HSE Science and Research Centre, Buxton, UK

– 400 staff, 550 acre test site

– Scientific support to HSE and other Government departments

– “Shared research” or joint-industry projects co-funded by HSE

– Bespoke consultancy on a commercial basis
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UK Government support for Net Zero

▪ Net Zero 2050 

– UK Government announced Ten Point plan1 in November 2020

▪ Growth of low-carbon hydrogen and CCUS based around

1. Regional hydrogen and CCUS industrial clusters

2. Hydrogen for heating: 

● Government policy decision on hydrogen heating in 2026

● 2023/4: Neighbourhood trial (300 properties, new PE distribution network, https://www.h100fife.co.uk/)

● 2025/6: Village trial (1,000 – 2,000 properties, repurposed gas distribution network)

● By 2030: Town pilot (start of roll-out)

– Targets of 5 GW of low carbon hydrogen production and 10 Mt carbon capture by 2030

▪ Other Net Zero ambitions

– Offshore wind, nuclear, zero-emission vehicles/planes/ships, greener buildings, protecting 

environment, green finance and innovation

1https://www.gov.uk/government/publications/the-ten-point-plan-for-a-green-industrial-revolution

Map data: © 2022 Google

https://www.h100fife.co.uk/
https://www.gov.uk/government/publications/the-ten-point-plan-for-a-green-industrial-revolution
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HyNet North West

https://hynet.co.uk

https://hynet.co.uk/
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East Coast Cluster

https://eastcoastcluster.co.uk

https://hynet.co.uk/
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▪ Net Zero carbon dioxide emissions by 2050 will likely require a significant increase in 

the use of hydrogen from clean energy sources in the coming years

Hydrogen: Present and Future

https://www.economist.com/briefing/2021/10/09/creating-the-new-hydrogen-economy-is-a-massive-undertaking

▪ To transport this hydrogen, ammonia is emerging as a potential hydrogen vector 

https://www.economist.com/briefing/2021/10/09/creating-the-new-hydrogen-economy-is-a-massive-undertaking
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Hydrogen and Ammonia Properties

▪ Compared to hydrogen, ammonia is:

1. Easier to liquefy 

2. Higher volumetric energy density

Hydrogen

(H2)

Ammonia

(NH3)

Molecular weight1 2 g/mol 17 g/mol

Boiling point1 -253°C -33°C

Energy density2 9 MJ/litre (liquid)

6 MJ/litre (gas 700bar)

16 MJ/litre (liquid)

Lower flammability limit 4 %v/v 15 %v/v

Upper flammability limit 75 %v/v 28 %v/v

Minimum ignition energy2 0.01 mJ 8 mJ

Laminar burning velocity2 3.5 m/s 0.07 m/s

Toxic AEGL-3 10 mins3 - 2,700 ppm

1 https://encyclopedia.airliquide.com/
2 https://www.ammoniaenergy.org/articles/ammonia-for-power-a-literature-review
3 Life-threatening health effects or death https://www.epa.gov/aegl/ammonia-results-aegl-program

Liquid

Vapour

Pressure-liquefied above 8.5 bara (at 20°C)

Temperature-liquefied below -33°C (at atmos. pressure)

3. More difficult to burn 

4. Toxic

https://encyclopedia.airliquide.com/
https://www.ammoniaenergy.org/articles/ammonia-for-power-a-literature-review
https://www.epa.gov/aegl/ammonia-results-aegl-program
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Ammonia as a Clean Energy Vector

▪ For bulk transport by ship over large distances: cheaper to produce ammonia from hydrogen          

(NH3 Haber-Bosch process) and transport liquefied ammonia than to transport liquid hydrogen1

– Cheaper to import green hydrogen from Middle East as ammonia than produce green hydrogen in the UK?2

▪ Stored ammonia could be cracked to hydrogen and fed into gas grid, or used in fuel cells to produce 

electricity, with waste nitrogen released to air4 (cracking ammonia takes >13% of stored energy)5

▪ Ammonia could also be used for balancing peak electrical demand when renewable energy sources 

cannot meet demand and for seasonal energy storage (like LNG peak shaving)5

▪ Ammonia currently produced/stored/shipped in large quantities (180 Mt produced, 18-20Mt shipped)5

– Existing technologies, standards, procedures available for bulk handling of ammonia

For comparison, 30-40% of the energy content of hydrogen is required to liquefy it2, although research on liquid hydrogen (LH2) is ongoing on to prove 

the viability of shipping LH2, e.g., Suiso Frontier first shipment of LH2 from Australia to Japan in Feb 2022

1 https://doi.org/10.1039/D1SE00345C https://doi.org/10.1016/j.isci.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.ammoniaenergy.org/articles/ammonia-for-power-a-literature-review/

4 https://www.gencellenergy.com/

5 https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2022/May/IRENA_Innovation_Outlook_Ammonia_2022.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
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Ammonia as a Clean Energy Vector

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

https://www.airproducts.com/news-center
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Ammonia as a Clean Energy Vector

https://gasforclimate2050.eu/wp-

content/uploads/2022/10/2022_Facilitating

_hydrogen_imports_from_non-

EU_countries.pdf

Report discusses repurposing of existing 

LNG import terminals for ammonia

https://gasforclimate2050.eu/wp-content/uploads/2022/10/2022_Facilitating_hydrogen_imports_from_non-EU_countries.pdf
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Growth in Green Ammonia Production Projects

https://www.yara.com/this-is-yara/yara-clean-ammonia

https://www.cfindustries.com/who-we-are/clean-energy-economy-opportunity

https://www.nutrien.com/investors/news-releases/2022-nutrien-announces-intention-

build-worlds-largest-clean-ammonia https://www.theguardian.com/australia-

news/2022/apr/12/queensland-advances-green-hydrogen-and-

ammonia-project-to-be-powered-by-renewables

https://www.horisontenergi.no/wp-

content/uploads/2021/06/Barents-Blue-

Project-Flyer-2021.pdf

https://www.yara.com/this-is-yara/yara-clean-ammonia
https://www.cfindustries.com/who-we-are/clean-energy-economy-opportunity
https://www.nutrien.com/investors/news-releases/2022-nutrien-announces-intention-build-worlds-largest-clean-ammonia
https://www.theguardian.com/australia-news/2022/apr/12/queensland-advances-green-hydrogen-and-ammonia-project-to-be-powered-by-renewables
https://www.horisontenergi.no/wp-content/uploads/2021/06/Barents-Blue-Project-Flyer-2021.pdf


© Crown Copyright HSE 2023

13

International Policy Drivers for Ammonia as Shipping Fuel

▪ Shipping industry responsible for 2-3% of the world’s total CO2 emissions1

– And by 2050 these emissions are projected to increase by 90-130% from 2008 levels, assuming no new policies4

▪ International Maritime Organization (IMO) adopted in 2018 an initial greenhouse gas strategy2

– Reduce CO2 emissions by at least 40% by 2030 and 50% by 2050 compared to 2008 emissions

– Dates when measures come into force will be defined in 2023 

– Recognition that global introduction of alternative fuels and/or energy sources will be necessary

▪ New legislation from European Commission1 adopted in July 2021

– Slow progress by IMO triggered the EU to take action on maritime transport

– Emissions trading scheme extended to maritime transport and energy taxes revised

– Max limit set on greenhouse gas content of energy used by ships calling at EU ports 

– Support for alternative fuel infrastructures at maritime and inland waterways, and supply of renewables

▪ COP26 Clydebank Declaration3, November 2021

– Aim for six zero-emission green maritime routes between international ports by mid-2020s

– Signatory countries committed to support establishment of green shipping corridors

– 24 signatories including: USA, UK, Australia, Netherlands, France, Italy, Denmark, Norway, Singapore
1 https://ec.europa.eu/clima/eu-actions-transport-emissions/reducing-emissions-shipping-sector_en

2 https://www.imo.org/en/MediaCentre/HotTopics/Pages/Reducing-greenhouse-gas-emissions-from-ships.aspx

3 https://www.gov.uk/government/publications/cop-26-clydebank-declaration-for-green-shipping-corridors

4 https://climateactiontracker.org/sectors/shipping/imo-policies-action/

https://ec.europa.eu/clima/eu-actions-transport-emissions/reducing-emissions-shipping-sector_en
https://www.imo.org/en/MediaCentre/HotTopics/Pages/Reducing-greenhouse-gas-emissions-from-ships.aspx
https://www.gov.uk/government/publications/cop-26-clydebank-declaration-for-green-shipping-corridors
https://climateactiontracker.org/sectors/shipping/imo-policies-action/
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Mission Innovation: Zero-Emission Shipping

http://mission-innovation.net/wp-content/uploads/2019/12/B2020-paper-publish-FINAL.pdf

Mission Innovation

• Global initiative of 22 countries 

and EU to catalyse action and 

investment in clean energy

• Launched alongside the Paris 

Agreement in 2015  

https://www.youtube.com/watch?v=hieC4eVqQZ0

http://mission-innovation.net/wp-content/uploads/2022/04/Zero-Emission-Shipping-Mission-Roadmap-1-1.pdf

Announcement of zero-emission shipping roadmap by Jennifer Granholm, US Secretary of Energy, June 2021 

NB. Concerns about ammonia as a “drop-in” fuel, due to toxic risks 

http://mission-innovation.net/wp-content/uploads/2019/12/B2020-paper-publish-FINAL.pdf
https://www.youtube.com/watch?v=hieC4eVqQZ0
http://mission-innovation.net/wp-content/uploads/2022/04/Zero-Emission-Shipping-Mission-Roadmap-1-1.pdf
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UK Policy Drivers and DNV Forecast

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

CCC is an independent statutory body 

established under Climate Change Act 2008 

that advises UK Government ministers

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://www.theccc.org.uk/wp-content/uploads/2020/12/Sector-summary-Shipping.pdf
https://eto.dnv.com/2021/maritime-forecast-2050/about
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Growth in Ammonia for Shipping Fuel and Bunkering

https://www.ammoniaenergy.org/articles/sembcorp-

marine-granted-aip-for-ammonia-bunkering-vessel/
https://www.ft.com/content/2014e53c-531f-11ea-a1ef-da1721a0541e

https://www.wartsila.com/

https://www.man-es.com/discover/two-stroke-ammonia-engine

https://www.ammoniaenergy.org/articles/sembcorp-marine-granted-aip-for-ammonia-bunkering-vessel/
https://www.ft.com/content/2014e53c-531f-11ea-a1ef-da1721a0541e
https://www.wartsila.com/
https://www.man-es.com/discover/two-stroke-ammonia-engine


© Crown Copyright HSE 2023

17

Growth in Green Ammonia Production Projects

▪ Possible green ammonia production locations:

– Saudi Arabia

– Oman

– Australia

– Chile

– Argentina

– Brazil

– China

– USA

– Morocco

– Norway

▪ Trade-off between local production capacities and  

international production and transport costs

http://dx.doi.org/10.1039/d1se00345c

https://doi.org/10.1016/j.isci.2021.102903

http://dx.doi.org/10.1039/d1se00345c
https://doi.org/10.1016/j.isci.2021.102903
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Recent Safety Studies

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

https://static1.squarespace.com/static/5d1c6c223c9d400001e2f40

7/t/5eb553d755f94d75be877403/158894183

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
https://static1.squarespace.com/static/5d1c6c223c9d400001e2f407/t/5eb553d755f94d75be877403/158894183
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https://www.chron.com/news/houston-texas/houston/article/In-

1976-an-ammonia-truck-disaster-claimed-the-12906732.php

Pressure-liquefied ammonia truck release, 

19 tonnes, Houston, Texas (1976)

6 dead, 78 hospitalised plus 100 injured 

Previous ammonia incidents

Overflow from 40,000 tonne cryogenic liquid ammonia tank, 

Blair, Nebraska (1970), no serious injuries
(© Washington County Enterprise,1970)

https://www.chron.com/news/houston-texas/houston/article/In-1976-an-ammonia-truck-disaster-claimed-the-12906732.php
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Previous Ammonia Incidents 

https://www.chicagotribune.com/suburbs/lake-county-news-sun/ct-lns-ammonia-spill-

no-charges-st-0626-20190625-ikztowsrhfhwhgym3lryjk4v2m-story.html

© Beach Park Fire Department, Illinois, 2019 

https://www.chicagotribune.com/suburbs/lake-county-news-sun/ct-lns-ammonia-spill-no-charges-st-0626-20190625-ikztowsrhfhwhgym3lryjk4v2m-story.html
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Pressure-Liquefied Ammonia Release Experiments

▪ Desert Tortoise 

– Tests conducted in 1983 at DOE Nevada Test Site

– Release rates of 81 – 133 kg/s

– 10 – 41 tonnes of ammonia released

– Dispersion measurements at 100 m and 800 m

– Largest tests to date on ammonia

▪ FLADIS

– Tests conducted in 1993-4 at Landskrona, Sweden

– Release rates of 0.25 – 0.55 kg/s

– Dispersion measurements at 20 m, 70 m and 240 m 

(transition from dense to passive dispersion)

Source: DesAutels & 

Schulman (2010)

Photo © Kenneth Nyren, FOA

Source: Hall, Walker & Butler (1999)
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▪ INERIS, 1996-1997 (Bouet,1999)

– CEA/CESTA test site near Bordeaux, France

– 15 ammonia releases of 2-3 tonnes, discharge rate 3-4 kg/s

– Release orientations: horizontal, vertically-down, annular, 

with/without impingement

– Six types of ammonia sensors on 150 masts at different 

heights on arcs from 20 m to 1700 m

– Mitigation: effect of water sprays
Image © INERIS. Source: Bouet (1999)

Pressure-Liquefied Ammonia Release Experiments

▪ Jack Rabbit I, 2010 

– Dugway Proving Ground, Utah, USA

– Five 1 – 2 ton ammonia releases vertically downwards from 2 

m AGL into 2 m deep, 50 m diameter depression

– 62 ammonia sensors in rings from 50 m to 2,500 m

– Some rainout and absorption of ammonia into desert playa

– https://www.uvu.edu/es/jack-rabbit/ Image © CSAC, DHS. Source: Storwold et al. (2011)

https://www.uvu.edu/es/jack-rabbit/
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▪ Only one experimental waterborne ammonia spill dataset, by Raj et al. (1974)

https://apps.dtic.mil/sti/pdfs/AD0779400.pdf

½ US gallon (2 litre)

5 US gallon (20 litre) in swimming pool

50 US gallon (0.2 m3) in lake

Ammonia ship capacities typically 30,000 – 80,000 m3 (Source: http://www.liquefiedgascarrier.com) 

Experimental Data for Liquid Ammonia Spills on/into Water

https://apps.dtic.mil/sti/pdfs/AD0779400.pdf
http://www.liquefiedgascarrier.com/
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▪ HSE Report by Griffiths (1977) critical of conclusions drawn from Raj et al. (1974) tests

– “… does not provide the information needed to perform hazard assessments of LNH3 releases on water”

▪ Concluded that further experiments are needed

Experimental Data for Liquid Ammonia Spills on/into Water



© Crown Copyright HSE 2023

25

Scientific Knowledge Gaps

▪ HSE and DSTL coordinated a European expert elicitation exercise in 2020-2021 

▪ Aim: to identify knowledge gaps that could be examined in future large-scale 

dispersion experiments

▪ Participants: Aria, BAM, BP, CEA, CERC, CNR, Demokritos, DNV, EDF, FFI, FMI, FOI, 

Gexcon, GT Science & Software, INERIS, Inovyn, JRC, Met Office, PHE, RIVM, Shell, 

Syngenta, TNO, VKI
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Scientific Knowledge Gaps

▪ Knowledge gaps exercise run in parallel USA, coordinated by Steve Hanna

▪ Joint paper from USA-EU analysis published in 2021

▪ https://dx.doi.org/10.1002/prs.12289

https://dx.doi.org/10.1002/prs.12289
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Jack Rabbit II (2015 – 2016) 

Images © DHS S&T CSAC and Utah Valley University

https://www.uvu.edu/es/jack-rabbit/

https://www.uvu.edu/es/jack-rabbit/
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Jack Rabbit III (2021 – ongoing) 
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JRIII Initial Modelling Exercise (2021-2022) 

▪ Aims: run a model inter-comparison exercise to evaluate the performance of 

atmospheric dispersion models using data from previous ammonia release 

experiments

– To understand the accuracy of models that may be used to design the Jack Rabbit III trials,  

e.g. to design the JRIII sensor array

– To identify important model input parameters that we may need to carefully assess or 

measure in the trials

Desert Tortoise FLADIS



© Crown Copyright HSE 2023

30

Participants in the JRIII Initial Modeling Exercise
# Organization Model Model Type Desert Tortoise FLADIS

Empirical nomogram/ 

Gaussian plume

Integral Gaussian Puff/ 

Lagrangian

CFD 1 2 4 9 16 24

1 Air Products, USA VentJet

2
BAM, Germany

AUSTAL

3 VDI

4
DGA, France

PHAST v8.6

5 Code-Saturne v6.0

6 DNV, UK PHAST v8.61

7 DSTL, UK HPAC v6.5

8 DTRA, ABQ, USA HPAC v6.7

9 DTRA, Fort Belvoir, USA HPAC

10 EDF/Ecole des Ponts, 

France

Code-Saturne v7.0

11 Crunch v3.1

12 Equinor, Norway PHAST v8.6

13 FFI, Norway ARGOS v9.10

14 FOI, Sweden PUMA

15 Gexcon, Netherlands EFFECTS v11.4

16 Gexcon, Norway FLACS

17 GT Science & Software DRIFT v3.7.19

18
Hanna Consultants, USA

Britter & McQuaid WB

19 Gaussian plume model

20
HSE, UK

DRIFT v3.7.12

21 PHAST v8.4

22 INERIS, France FDS v6.7

23 JRC, Italy ADAM v3.0

24 NSWC, USA RAILCAR-ALOHA

25 Shell, UK FRED 2022

26 Syngenta, UK PHAST v8.61
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All Model Results
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Future Jack Rabbit III Related Activities

▪ JRIII Working Groups

– Source, instrumentation, health and human effects, modelling, emergency response, deposition 

and surface reactivity, data quality, waterborne

▪ JRIII model intercomparison exercise on an ammonia incident or JRI ammonia trials

– Kick-off Spring/Summer 2023

▪ Dry deposition and surface reactivity of ammonia

– ADMLC seminar at UKHSA, Harwell, UK in 2023?

▪ ADMLC webinar on “Dense gas dispersion modelling in complex terrain, with a focus 

on carbon dioxide pipelines“, 7 March 2023

– https://admlc.com/events/

https://admlc.com/events/
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▪ Contact: simon.gant@hse.gov.uk

▪ The contents of this presentation, including any opinions and/or conclusions expressed, are 

those of the authors alone and do not necessarily reflect HSE policy 

Thank you

mailto:simon.gant@hse.gov.uk

