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Slide 1: 
Hello my name is Gioia Falcone.
I hold the Rankine Chair of Energy Engineering at The University of Glasgow, where I am also the Director of the Glasgow Centre for Sustainable Energy.
I will now take you through Module 4. This session will provide an overview of hydrogen HSE and regulations.

Slide 2: 
At ambient conditions, hydrogen is a colourless gas. Its other properties are that it has no odour, no taste, it is lighter than air, and it is not very soluble in water.
With respect to potential health hazards, hydrogen is not toxic but poses a risk of asphyxiation in confined areas, as it can displace the oxygen in the air in the immediate vicinity of a significant leak. 
And there is a need for personal protective equipment if one is dealing with liquified hydrogen, as very low temperatures are required to liquefy it, hence there is a risk of frostbite. 
But by far, the major health and safety hazards of hydrogen are its flammability and its ability to form mixtures with air that are both combustible and explosive. This is one of the main arguments against using hydrogen for domestic heating.
Hydrogen is easily ignited at concentrations as low as 4% up to 75% in air, showing a wide range of flammability. Once ignited, hydrogen burns with a pale blue, almost invisible flame. Flames can propagate, even with very little fuel, within narrow gaps and can extend, breaking up into fractal patterns.
There is a concern that hydrogen will leak when trying to re-use natural gas infrastructure for hydrogen service. Valves designed for use with natural gas will not work with hydrogen. Also, any upgrades that need to be carried out to re-purpose natural gas infrastructure to carry hydrogen will require re-certification.
There are no known odorants that can be added to hydrogen, which are light enough to diffuse at the same rate as hydrogen. This is unlike natural gas, which has a sulphur compound (mercaptan) added to it to make it smell like bad eggs. Hence, it is likely that relatively more hydrogen leaks will go undetected (by smell, at least).
A major concern when operating hydrogen pipelines is embrittlement, as this accelerates crack propagation in the steel, reduces the service life of the pipeline, and it varies from pipe to pipe, depending upon the steel grade and operating conditions. 
Hydrogen has the smallest diatomic molecules, which have high diffusivity, meaning they can travel easily within materials via diffusion, which is called hydrogen permeation.
Permeation, which increases at high temperature and pressure, initiates cracks in a material’s microstructure, thus causing it to become brittle and to fail. For example, in steel, hydrogen will initiate cracks at 220°C and react with the cementite (otherwise known as iron carbide) within the steel, reducing its strength significantly.
There is ongoing research into the development of specialist ceramic coatings to prevent hydrogen embrittlement, but it remains a safety concern at present. 
This slide shows the diamond of the U.S.-based National Fire Protection Association (NFPA) as applied to hydrogen.

​Slide 3:  
As with all gasses, hydrogen is heavily regulated by the Health and Safety Executive (HSE).
Hydrogen is non-toxic, and because it is 14 times lighter than air, if it is released, it will disperse rapidly.  
 Hydrogen is classed as an indirect greenhouse gas. This is because it reacts with OH in the atmosphere that would otherwise break down methane, so it can indirectly extend the lifetime of methane in the atmosphere, which is a very potent greenhouse gas. 
 Hydrogen is known to cause steel embrittlement which may put pipelines at risk, but the correct material selection across can mitigate this plus hydrogen has been safely used in industry for over 40 years so there is significant experience in the safe handling and transport of hydrogen with extremely stringent safety protocols in place supported by accurate detection systems.
Significant work needs done to reassure the public that safety is the key priority.

​Slide 4: 
The worldwide hydrogen report by the International Energy Authority stated that 95 million tonnes of hydrogen were produced globally in 2022.
Of this volume, 98% of the hydrogen is created by steam methane reformation or coal gasification, with less than <1% of the hydrogen being created from electrolysis. 
Further, only 1% of the global hydrogen production from fossil fuels includes carbon capture and storage (CCS). To put this into perspective, global hydrogen production currently emits 900 million tonnes of carbon dioxide annually.
The International Energy Authority estimates that to achieve net-zero emissions, the global production of hydrogen must grow to 650 million tonnes per annum by 2050. This would constitute a sevenfold increase in hydrogen production, which would be from fossil fuels, known as blue hydrogen, and will, therefore, require a commensurate effort in carbon capture and storage. Blue hydrogen production will also correspond to continued extraction of natural methane gas, which – as mentioned earlier – will lead to an indirect global warming potential of hydrogen from leaks.
Governments must consider whether they can get sufficient infrastructure to timely capture, transport, and store the greenhouse gas emissions associated with an increased level of global blue hydrogen production.
It is hoped that, eventually, blue hydrogen will be replaced by green hydrogen from electrolysis, but this is still some way off. However, an increasing use of green hydrogen may give rise to other future global conflicts and concerns, such as having to decide between using more land and more water to produce energy versus the need to grow more food.

Slide 5: 
Ammonia (NH3) is an attractive low-carbon fuel and hydrogen carrier. However, losses and inefficiencies across the value chain could result in reactive nitrogen emissions (NH3, NOx, and N2O), negatively impacting air quality, the environment, human health, and the climate. 
This slide shows a schematic of the ammonia value chain and its potential impact on the nitrogen cycle. The white arrows track the energy flow starting from an input of primary energy converted to hydrogen and then to ammonia, which is either combusted or converted back to hydrogen through cracking. The wide brown arrows are the fluxes of atmospheric nitrogen, and the thin red arrows are the reactive nitrogen losses due to leaks and undesired reactions during combustion or cracking. The numbers in square brackets are estimated reactive nitrogen loss rates [minimum-maximum]. N2O emissions are also the most critical ozone-depleting emissions. However, optimal engineering practices and management strategies can effectively mitigate these concerns. 

​Slide 6: 
As hydrogen technology advances, ensuring its safe and efficient production is paramount. Here's a breakdown of three key ISO standards that play a crucial role:
ISO 22734:2019 - Hydrogen Champions: This standard specifically focuses on safety and performance requirements of hydrogen generators that utilize water electrolysis. It applies to generators used in various settings, from large-scale industrial applications to smaller commercial and even residential uses. 
ISO 16110-1:2007 - A Safety-First Approach: This standard tackles the broader category of hydrogen generators that employ fuel processing technologies. Its primary focus lies on safety, for manufacturers to minimize risks associated with these generators. Additionally, it provides test methods for evaluating the performance of such generators, ensuring that they function efficiently.
ISO/TS 19883:2017 - Refining the Process: This technical specification delves into a specific technology crucial for hydrogen purification – that is, pressure swing adsorption (PSA). These systems play a vital role in removing impurities from hydrogen, ensuring its quality and suitability for various applications. This standard equips manufacturers with safety guidelines for designing, commissioning, and operating PSA systems effectively.

Slide 7: 
Continuing on hydrogen standards and technical specifications, the next ISO we’d like to mention is ISO/TS 19870 
It came out in December 2023, during COP28, in response to the findings published in June that year by CICERO, a climate research centre which estimated that the global warming effect of leaked hydrogen is almost 12 times that of CO2 per kilogram emitted. ISO hopes it will become the fundamental standard for harmonisation, safety, interoperability, and sustainability across the entire hydrogen value chain.
This ISO specifies the methodologies to determine the carbon footprint of a hydrogen product, from a producing site to its ultimate consumption location, including every delivery gate on a life-cycle analysis basis. 
It is in line with ISO 14067 from 2018, which defines how companies should qualify the carbon footprint of their products by determining the greenhouse gas emissions produced in the life cycle of those products.
The workflows described in the new ISO can be applied to various hydrogen generation processes, including:
· Electrolysis, 
· Steam Methane Reformation with CCS, 
· Coal Gasification with CCS, 
· Auto-Thermal Reforming with CCS, and 
· Hydrogen as a Co-Product in industrial applications.
In addition, this ISO considers greenhouse gas emissions due to conditioning or converting the hydrogen into other forms, such as liquefaction, production, transport and cracking of ammonia as a hydrogen carrier.
However, the new ISO standard is criticised as being at best, a simple calculation of an emissions footprint, and at worst, greenwashing of “dirty” hydrogen. Its critics point out that the ISO methodology never sets a threshold of greenhouse gas emissions that would qualify hydrogen as “clean”, and it fails to take into account that hydrogen is an indirect greenhouse gas in its own right.

​Slide 8: 
If we come home to the UK, we have the UK Low Carbon Hydrogen Standard (Greenhouse Gas Emissions Methodology and Conditions of Standard Compliance), which was first issued in April 2022 and subsequently updated in April 2023 and again in December 2023. It is to be used for the purposes of The Hydrogen Production Revenue Support (Directions, Eligibility and Counterparty) Regulations 2023, which we will discuss later. 
The standard sets the maximum final Greenhouse Gas Emission Intensity for a Consignment. The final Emission Intensity to be compliant with the Standard is a maximum of 20 grams of carbon dioxide equivalent per megajoule of Hydrogen Product, using Lower Heating Values (20.0 gCO₂e/MJLHV Hydrogen Product).
The following are Eligible Hydrogen Production Pathways currently considered within scope of the Standard and therefore, eligible to comply:
· Electrolysis
· Fossil gas reforming with CCS
· Biogenic gas reforming
· Biomass gasification
· Waste gasification
· Gas splitting producing Solid Carbon
The standard recognises that while hydrogen itself is not a direct GHG, if released to atmosphere – for instance through fugitive emissions – would prolong the lifetime of other direct GHGs, particularly methane. Thus, the standard introduces a Fugitive Hydrogen Emissions Risk Reduction Plan.

​Slide 9:
Let us now move on to the topic of Hydrogen Regulations.
For countries to create a new hydrogen economy and ensure that it runs efficiently and safely, their governments must develop the necessary scientific evidence and tools for its effective regulation. 
According to the most recent review of hydrogen regulation, presented at COP28 in Dubai, only Japan, Portugal, and South Korea have significant regulatory protocols in place, compared to those of the European Union, which are at an intermediate stage, and those of the USA and the UK which have been limited so far. 
Hence, for governments to formulate policy and associated regulations for hydrogen transport, storage and use, research needs to be carried out on several topics, such as:
· the impacts of hydrogen on global warming,
· how best to detect leaks and what are the appropriate technologies to repair them,
· how to report hydrogen leaks and what verification protocols are required.
Studies by the IEA estimate that hydrogen losses along the value chain can be up to 5% of the hydrogen volume being transported, so it is better to use the hydrogen close to the source of its production, and soon after it is produced.

Slide 10:
[This is not meant to be an exhaustive review of all regulations related to hydrogen]
In the UK, there has been little legislation relating specifically to hydrogen. Hydrogen projects have, therefore, followed the existing legislative landscape that applies to gasses more generally. Hydrogen is captured under the definition of “gas” in the Gas Act (1986, and the Gas Act 1995, which amended Parts I and III of the Gas Act 1986) and is therefore regulated as part of the gas network. 
The UK gas market is regulated by the Gas and Electricity Markets Authority, operating through the Office of Gas and Electricity Markets (“Ofgem”). Anyone engaging in gas supply, gas shipping or gas transportation, or who participates in the operation of gas interconnectors, or provides smart metering in respect of gas must have a licence to do so under the Gas Act. The licences include measures relating to the safe operation of the gas network and provisions relating to price controls. 
In addition, a gas licensee must also comply with various industry codes, such as:
· Pipeline Safety Regulations (1996).
· The Planning (Hazardous Substances) Regulations 2015 and the Control of Major Accident Hazards Regulations 2015 (“COMAH”).
· Dangerous Substances and Explosive Atmosphere Regulations 2002.
· Pressure Equipment Regulations 2016 (PER).
Collectively, these codes relate to pipeline integrity, and to the design, manufacture, and conformity of equipment and protective systems for the production and storage of hydrogen.
For the creation of a hydrogen economy in the UK, it is key to determine specific regulations for dedicated hydrogen infrastructure and assess the highest percentage of hydrogen that can be blended safely in pipelines that were designed to carry natural gas and which are currently carrying natural gas. The percentage of hydrogen that is allowed presently is 0.1% only, which is in accordance with the UK’s established Gas Safety Management Regulations of 1996. Note that The Gas Safety Management (Amendment) Regulations 2023 do not explicitly mention hydrogen but allow a wider range of gas specifications to be injected into a gas network. 
Note that a pilot trial, named “HyDeploy”, took place at Keele University in England between 2019 and 2021, and demonstrated the injection of up to 20% (by volume) of hydrogen from electrolysis into the campus’ natural gas network, feeding 100 homes and 30 faculty buildings.
The UK HSE is assessing its recent industrywide survey of enabling effective regulation of hydrogen heating by extending the Gas Safety Management Regulations 1996 to include 100% hydrogen. Also, to extend the scope of the Gas Safety Installation and Use Regulations 1998 to include 100% hydrogen in non-domestic premises (for premises currently within scope for natural gas). The HSE stresses that these are not formal proposals for regulatory reform and there will be no changing of regulations prior to any government policy decision.
We previously mentioned the Hydrogen Production Revenue Support (Directions, Eligibility and Counterparty) Regulations 2023. These Regulations extend to England, Wales, Scotland and Northern Ireland. They refer to applications for financial support made by low-carbon hydrogen producers in accordance with the UK Low Carbon Hydrogen Standard.

​Slide 11: 
The future of clean heating might involve hydrogen, but getting there requires navigating a complex landscape of existing pipelines and regulations. 
There are two main ways to get hydrogen to homes:
Blending: This involves mixing small amounts of hydrogen with natural gas in existing pipelines. As already mentioned, current regulations limit this blend to 0.1%, but pilot projects are testing a 20% blend.
Pure Hydrogen: This involves using dedicated pipelines to deliver pure hydrogen. This approach requires significant investment in new infrastructure but eliminates the need to modify the existing one.
As ever, safety MUST come first. Since specific hydrogen heating regulations are scarce, existing gas safety laws govern hydrogen projects. See the Gas Act 1986, the Gas Safety Management Regulations 1996, and the previously mentioned industry codes. 
Among others, two organizations will play a key role in overseeing the transition to distributing hydrogen to homes:
The North Sea Transition Authority (NSTA), which is responsible for regulating the construction and decommissioning of new pipelines.
The Office of Gas and Electricity Markets (Ofgem), which is responsible for regulating the existing gas network.
The current 0.1% hydrogen blend limit shows the need for regulatory adjustments and modernisation. As testing with higher blends progresses, regulations will need to be adapted to accommodate a larger role for hydrogen in our heating systems.

Slide 12: 
In addition to the safety regulations mentioned so far, bringing large-scale hydrogen projects to life will also require navigating Planning Permissions. For example:
Major hydrogen projects will likely be classified as "nationally significant infrastructure projects." These require a special development consent order under the Planning Act of 2009.
Smaller projects might fall under the Town and Country Planning Act of 1990, following a less complex approval process.


Slide 13: 
Let us now move from heating to transport. Hydrogen has the potential to revolutionize transport, but once again, safety regulations are crucial for successful implementation. 
Both pipelines and tankers can be used to transport hydrogen from the point of generation to the point of use or storage, with regulations in place for each.
Hydrogen can also be transported by road. The European Agreement concerning the International Carriage of Dangerous Goods by Road (the “ADR”) regulates the transport of hydrogen, classified as a dangerous good. Based on the ADR, hydrogen transport is excluded through 10 tunnels in the UK. 
Drivers require specific training, and vehicles must adhere to safety specifications for hazardous cargo. The Pressure Equipment (Safety) Regulations govern the design and manufacture of hydrogen transport tanks. The UK Vehicle Certification Agency approves hydrogen transport vehicles.

Slide 14: 
Hydrail is a word formed by combining Hydrogen and Rail. The term is used in conjunction with any new railway equipment or system utilising hydrogen for the storage or generation of electrical or mechanical energy for propulsion and auxiliaries.
Safety is a critical element in the design, development and operation of trains and train equipment.
As already discussed, hydrogen is a highly flammable fuel, so any systems intended to store or handle hydrogen must be designed to address the specific risks associated with its use. For example, onboard storage systems must be capable of safely holding hydrogen liquid or gas under high pressure.  In case of crash or collision, the system must not lead to an aggravation. 
Safety concepts, operational leaflets, as well as incident and emergency concepts, must reflect the special hazards associated with this alternative fuel. 
Existing European and international regulations, such as the Technical Specification for Interoperability (TSI), are currently not geared towards hydrogen or alternative hybrid drive systems. There is scope for further work in this area.

Slide 15: 
Between transport and end-use, storage is likely to be required.
Hydrogen refuelling stations, for example, require on-site storage, mandating an Environmental Impact Assessment (EIA) for each location.
Among the UK Regulations mentioned earlier, some are specific to storage and based on storage capacity, as listed on this slide.
ISO standards apply to Hydrogen Refuelling Stations, namely on:
Safety - see ISO TR 15916:2015, which outlines basic safety considerations for hydrogen systems.
Station Design and Equipment - see ISO 19880-3:2018, which establishes standards for valves, fuel quality control, dispenser hoses, and hose assemblies in hydrogen refuelling stations.

Slide 16: 
ESG stands for environmental, social and governance values, and ESG performance is a measure of how well an organisation is adhering to these. The performance metric is used by investors, consumers and employees to assess if a brand is aligned with their respective values. 
There are three common approaches to evaluating ESG performance. These are: comparing ratings with peers who manage similar portfolios, comparing against industry benchmarks, or using own historical and internal data. The comparison and evaluation is not straightforward as it varies across industries, companies and metrics. 
With increased interest in Sustainable Development Goals (SDGs) and legally binding net zero targets, organisations are adopting ESG at a higher level than before, as they are consciously transitioning from carbon-intensive to low-carbon technologies. 
This global trend directly influences the hydrogen economy.

Slide 17: 
Let us explore further where ESG can strengthen the potential of green hydrogen. 
With regards to being Environmentally Responsible, organisations identify key performance indicators (KPIs), like water usage and emissions, to minimize impacts. Aligning with the SDG’s can attract ESG funds, fuelling infrastructure and technology advancements for a thriving hydrogen economy.
Public concerns regarding safety and production processes can hinder adoption. Pilot projects showcase the technology's safety measures and build trust. Open communication fosters social acceptance, allowing companies to integrate social aspects like safety into their strategies for wider green hydrogen adoption.
And finally, robust policies will guide the entire green hydrogen lifecycle, from planning to implementation. A clear ESG framework tracks progress towards sustainability goals, ensuring compliance with regulations and attracting general support.
Slide 18: 
So, where can one test safety and reliability of hydrogen technologies? 
This slide offers two examples of laboratory facilities that are co-funded by the Scottish Government.
Through the ‘Hydrogen into Action’ initiative, new laboratory facilities will soon be available at the Eden Campus of St. Andrews University.  These will focus on hydrogen fuel cell materials synthesis and analysis and are available free of charge to Scottish SMEs.  
Also, a Hydrogen Innovation Centre is being established at the University of Glasgow to accelerate the development of hydrogen technologies from experimental proof-of-concept through to the small prototype stage. To support the centre's initiatives, TÜV SÜD in East Kilbride is expanding its hydrogen technology testing facilities. 



Slide 19: 
There are also Accelerators to support hydrogen technology innovation and uptake. For example:
Funded by Transport Scotland, the Hydrogen Accelerator is a partnership between the Universities of St Andrews and Strathclyde, with Scottish Enterprise and an industry consortium. The project entailed the conversion and re-use of a 40-yearold three-car class 314 train to a hydrogen fuel cell electric powertrain. 
Also, the HI-ACT Hub, which comprises a consortium of 27 academics from 10 universities across England, Northern Ireland, Scotland and Wales, as well as over 40 project partners. The University of Glasgow is the Scottish academic partner in the Hub.
----------------------------------------------
For more pictures: https://realrail.smugmug.com/Trains/Boness-Hydrogen-Skunk-Works 
The first video shows the hydrogen train testing. 
The second video shows the stripping and decommissioning of the class 614 hydrogen train at the Bo’ness and Kinneil railway during Jan 2023. 
https://www.youtube.com/watch?v=vi8nAfRsNuQ 
https://www.youtube.com/watch?v=nGg7sUon4yo 
https://news.st-andrews.ac.uk/archive/scottish-hydrogen-train-project-on-track-to-deliver-climate-targets/ 

Slide 20:
As a part of the H100 project in Fife, Environmental Resources Management (ERM) and UK Health and Safety Laboratory (HSL) conducted a quantitative risk assessment (QRA) of the potential risk from leaks upstream of the meter, to assess the implications on the emergency response procedures of the gas distribution company SGN. The principal influencers of risk are the frequency and potential consequences of uncontrolled releases of hydrogen. These can occur under or above the ground. 
The key findings were that:
• The distances over which hydrogen gas leaks travel below ground compared to natural gas increases by 6-25%.
• Installing a new polyethylene network offers a reduction in the likelihood of upstream leaks by around 66%. 
• The overall comparative risk (hydrogen vs. natural gas) for the H100 project can only be estimated when an evaluation of downstream releases is conducted to complement the study of upstream releases. 
A quantitative risk assessment of high-pressure supply sources was also carried out. The risk in this case presents harm to people based on exposure to a ‘dangerous dose’ of hydrogen. The decision matrix for such systems is covered under the UK HSE’s planning advice for developments in the vicinity of hazardous installations (PADHI). 

Slide 21: 
The analysis identified that emergency response procedures should be updated to accommodate hydrogen in the network. More specifically, the study identified that 7 of 22 appendices of management procedure and 10 of 33 appendices of work procedure would require modification. 
The key areas that require change are as listed here. 

Slide 22: 

This concludes the Module 4 of the hydrogen course.
The next module, Module 5, covers hydrogen case studies in Scotland. 
Thank you for your attention. Please note down any questions or comments and bring them to the webinar that completes this course.

