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The Vision – A Hydrogen Economy

Plans for the hydrogen economy will involve rapidly developing infrastructure
with exposure to the public to hydrogen that is not typical today.



The Future Regional Hydrogen Economy
Many clean sources feed a shared hub that produces, stores and moves hydrogen to hard-to-electrify users

Sources Regional hydrogen hub End uses

Solar & wind
Green H₂ by electrolysis

Nuclear
Pink H₂ by electrolysis

Natural gas + CCS
Blue H₂ by reforming

Biomass & waste
Gasification, biogas reforming

Imports
Ammonia via port terminals

Produce
Electrolyzers, reformers 
with carbon capture

Store
Salt caverns, tanks, 
ammonia and methanol

Move
Pipelines, tube trailers, 
ships, port terminals

Refining & chemicals

Fertilizer (ammonia)

Green steel

Trucks, buses & forklifts

Shipping fuels

Sustainable aviation fuel

Power & grid balancing

Illustrative regional hydrogen hub. Green icons and arrows = renewable, nuclear or bio-based supply; grey = fossil with carbon capture, or imports.



Decarbonized Hydrogen Supply is Scaling Up
Low-emissions hydrogen output has roughly tripled in ten years; projects already financed point to ~4x more by 2030
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Low-emissions hydrogen production (million tonnes per year)

Actual Estimate 2030: committed (FID) 2030+: if strong-potential projects proceed

~1 Mt in 2025; under 1% of 
all hydrogen

~10% a year average 
growth, 2020–2025

~40%
a year from 
committed projects 
to 2030

27 Mt
announced for 2030, 
4x what is 
committed

Sources: IEA, Global Hydrogen Review 2026 (Jul 2026) and 2024 editions; IEA, The Future of Hydrogen (2019) for 2016–2019, approximate. Low-emissions = electrolysis with low-carbon power, or 
fossil fuels with carbon capture.



Global Clean Hydrogen Industry is Moving from 
Concept to Build-out
Projects past final investment decision (FID) and committed capital keep climbing, even as some projects drop out

$10B

$75B

$110B

$130B

2020 2024 2025 2026

Committed clean-H₂ investment (USD bn)

434

510

570

2024 2025 2026

Projects past FID, worldwide (count)

1.7 Mt
per year of clean H₂ 
now operating, up 70% 
in a year

~90%
of committed capacity 
is operating or under 
construction

~1%
of global H₂ output is 
low-emissions in 2026 
(a first)

Sources: Hydrogen Council, Global Hydrogen Compass 2026 (Sep 2026) and Hydrogen Insights 2024; IEA, Global Hydrogen Review 2026. 2026 project count is "570+".
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Electrolyzer Capacity Doubled in 2025
Installed electrolysis passed 4 GW, and projects already at FID point to roughly 5x more by 2030
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Global installed electrolysis capacity (GW)

~75% of 2025's new capacity was 
built in China

2.5+ GW under construction for 2026 
start-up, ~2 GW in Europe

~26 GW by 2030 from projects that 
have already taken FID

100+ GW
of announced projects miss 
2030 without FID by end-
2027

Sources: IEA, Global Hydrogen Review 2026 (Jul 2026) and Energy Technology Perspectives 2026 (Mar 2026). 2020–2024 values approximate, from earlier IEA editions; 2026e = 2025 base + capacity 
under construction.
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The World’s Largest Hydrogen Projects
Flagship plants have jumped from hundreds of megawatts to gigawatt scale, led by Saudi Arabia, India and China

2,200 MW

1,300 MW

740 MW

640 MW

500 MW

260 MW

220 MW

200 MW

NEOM (Saudi Arabia)

AM Green Kakinada (India)

Stegra Boden (Sweden)

Songyuan (China)

Envision Chifeng (China)

Sinopec Kuqa (China)

ACES Delta (US)

Shell Holland Hydrogen 1 (NL)

Electrolyzer capacity of the largest green hydrogen projects

Operating Commissioning / construction FID, building

~8x jump in flagship size: 260 
MW (2023) to 2.2 GW

3 of 4 operating plants shown 
here are in China

NH₃
ammonia is the main 
product, mostly for 
export

220 MW ACES Delta is the largest 
US green plant

Sources: pv magazine (NEOM, Aug 2026); gasworld (AM Green FID); Hydrogen Insight (Stegra, Jun 2026; Envision, Jul 2025); SMM (Songyuan phase 1, Dec 2025); Hydrogen Fuel News (ACES Delta, 
Feb 2026); S&P Global (Shell HH1, Apr 2026). Songyuan shown at full planned size.
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End Use for Green Hydrogen Projects
Most mega-projects make ammonia or supply heavy industry; several equally large ones have been paused or cancelled

Project Country Use Scale Status

NEOM Green Hydrogen Saudi Arabia Green ammonia for export 2.2 GW; up to 600 t H₂/day Commissioning; product 2027

AM Green Kakinada India Green ammonia for export 1.3 GW; ~1 Mt NH₃/yr FID taken; building

Stegra Boden Sweden Green steel 740 MW Under construction

Songyuan (CEEC) China Ammonia and methanol 640 MW planned Phase 1 operating (Dec 2025)

Envision Chifeng China Green ammonia 500 MW; 320 kt NH₃/yr Operating since mid-2025

ACES Delta United States Seasonal storage for power 220 MW; ~100 t H₂/day Full load (early 2026)

Shell Holland Hydrogen 1 Netherlands Refinery supply 200 MW; 60 t H₂/day Start-up due 2026

CF Donaldsonville (blue) United States Ammonia with carbon capture ~300 kt H₂/yr Operating since Jul 2025

Paused or cancelled giants: ExxonMobil Baytown, US (blue, ~900 kt/yr; paused 2025); HyScale 100, Germany (2.1 GW; cancelled 2026); Air 
Products Louisiana, US (blue ammonia; halted 2025).

Sources: as previous slide; GlobalData (CF Donaldsonville, Baytown capacities); The Energy Year (Baytown pause, Nov 2025); pv magazine (HyScale 100, Aug 2026); EnkiAI (Air Products Louisiana).
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• Scaling at a rapid pace

• Propensity for hydrogen to leak and high potential for ignition; oxygen hazards

• Overpressure explosion hazards when hydrogen is released into confined or 
congested areas or internal explosions where hydrogen and oxygen may interface

• Lack of operating experience 

• Unfamiliar technology to many engineers and operators

• Range of operating parameters (P, T, power density, lifespan) 

• Novel technology developments expected as the industry evolves 
– Operating history and safety and reliability data is lacking

• Balance of plant (BOP) components can differ across electrolyzer stack designs

• Design codes and standards are developing 

Hydrogen Safety Challenges



Safety Record at New Hydrogen Energy Sites
Refuelling stations, electrolysis plants, hydrogen storage and supply only; refineries and industrial users are excluded

62%

27%

11%

Release, no ignition

Explosion

Fire

Consequences of station incidents (45 events)

38%

29%

10%

10%

5%

5%

5%

Procedure deviation / human error

Design deficiency

Incorrect installation

Poor maintenance

Change management

Compressor vibration

Stress corrosion

Causes of station storage-tank incidents

45
refuelling-station 
incidents recorded 
worldwide, 1990–2024

3 / 12
deaths / injuries at 
stations, all from 
storage-tank failures

11
electrolyzer accidents 
logged (1975–2021): 5 
explosions, 1 fire

Sources: Nekhwevha et al., "Analysis of Equipment Failures as a Contributor to Hydrogen Refuelling Stations Incidents", Hydrogen 6(4):79 (Oct 2025; HIAD, H2Tools, media); Tuhi et al., ESREL 2024 
(NTNU/SINTEF; HIAD 2.1 + literature).
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Our Knowledge of Incidents Follows Reporting
Asia has most of the world's refuelling stations but few reported incidents; Europe reports the most

2

7

3

5

1

2

11Europe

North America

Asia

Station incidents by region and equipment

Storage tank Dispenser Other equipment

64%

25%

8%
16%

59%

25%

Asia Europe North America

Refuelling stations vs. their incidents, by region

Share of world's refuelling stations Share of refuelling-station incidents

Europe
France, UK, Sweden 
and Germany lead 
reported station 
incidents

US
7 of its 8 station 
incidents were 
storage-tank 
failures

Japan
2 of 11 electrolyzer 
accidents; UK, 
France, Korea, 
Germany 1 each

Sources: Nekhwevha et al., Hydrogen 6(4):79 (Oct 2025; 1,160 stations operating end-2024); Tuhi et al., ESREL 2024. Country detail for station incidents is by region only in the source study.
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Hydrogen Incidents – www.h2tools.com 

Weiner and Fassbender (2012) – Reference: Hydrogen Safety Review for Gas 
Turbines, SOFC, and High Temperature Hydrogen Production 30 March 2023 
Office of Fossil Energy and Carbon Management DOE/NETL-2022/3329 

http://www.h2tools.com/


Hydrogen Incidents – www.h2tools.com 

Weiner and Fassbender (2012) – Reference: Hydrogen Safety Review for Gas 
Turbines, SOFC, and High Temperature Hydrogen Production 30 March 2023 
Office of Fossil Energy and Carbon Management DOE/NETL-2022/3329 

http://www.h2tools.com/


US DOE Hydrogen Safety Panel – Hydrogen Incident Examples

https://h2tools.
org/sites/defaul
t/files/Hydrogen
_Incident_Examp
les.pdf 

https://h2tools.org/sites/default/files/Hydrogen_Incident_Examples.pdf
https://h2tools.org/sites/default/files/Hydrogen_Incident_Examples.pdf
https://h2tools.org/sites/default/files/Hydrogen_Incident_Examples.pdf
https://h2tools.org/sites/default/files/Hydrogen_Incident_Examples.pdf
https://h2tools.org/sites/default/files/Hydrogen_Incident_Examples.pdf


US DOE H2Tools Website Incident Summaries

https://h2tools.org/



US DOE H2Tools Website Incident Summaries

Courtesy of Nick 
Barilo, Director, 
Center for 
Hydrogen Safety



Incidents Have Not Scaled With the Build-out
Capacity and station counts have multiplied since 2019, yet serious incidents at energy sites remain low in number to date

Notable energy-site incidents

May 2019 Gangneung, South Korea
Electrolysis pilot plant tank explosion; 2 killed, 6 injured

Jun 2019 Santa Clara, US
Tanker leak and explosion at H₂ supply plant; 11 stations shut

Jun 2019 Sandvika, Norway
Station explosion; minor injuries; all 10 Norway stations closed

Jun 2024 Gersthofen, Germany
New station explodes and burns; no injuries reported

Dec 2024 South Korea
Fuel-cell bus explodes at refuelling station; 1 seriously hurt

Dec 2025 Leuna, Germany
Leak and fire at Linde electrolyzer restart; no injuries reported

Sources: ISPT Hydrohub safety report (2023); CCJ (Jun 2019); Hydrogen Insight (Jun 2024, Dec 2024); Industry Decarbonization (Linde Leuna); IEA GHR 2026 for capacity growth. Red marker = injury 
or death; dark marker = no serious injury.
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Quoted from: Linde explosion | A quarter of Germany's hydrogen 

filling stations out of action as supply problem enters eighth week | 

Hydrogen Insight

A hydrogen fuel supply problem in Germany is continuing into 

its eighth week following an H2 truck trailer explosion back in 

August, with at least 23 of the country’s 83 filling stations out of 

action yesterday evening.

A truck trailer carrying hydrogen cylinders exploded on 26 August 

at industrial gases giant Linde’s facility at the Leuna Chemical 

Park in eastern Germany due to a suspected, unexplained 

H2 leak. 

Although no-one was hurt in the deflagration, all trailers of the 

same type have been taken out of circulation until the cause 

of the leak has been unidentified and a potential remedy 

deployed — which means that there is currently no way of getting 

hydrogen to many filling stations across Germany.

https://www.hydrogeninsight.com/transport/linde-explosion-a-quarter-of-germanys-hydrogen-filling-stations-out-of-action-as-supply-problem-enters-eighth-week/2-1-1731102
https://www.hydrogeninsight.com/transport/linde-explosion-a-quarter-of-germanys-hydrogen-filling-stations-out-of-action-as-supply-problem-enters-eighth-week/2-1-1731102
https://www.hydrogeninsight.com/transport/linde-explosion-a-quarter-of-germanys-hydrogen-filling-stations-out-of-action-as-supply-problem-enters-eighth-week/2-1-1731102


California, Golden Energy Transit H2 Bus Fueling Fire, 
2023

Video Link: https://youtu.be/-kxnjB7l3bE?si=pmhm8az0_nWltKhM

https://youtu.be/-kxnjB7l3bE?si=pmhm8az0_nWltKhM
https://youtu.be/-kxnjB7l3bE?si=pmhm8az0_nWltKhM
https://youtu.be/-kxnjB7l3bE?si=pmhm8az0_nWltKhM


Hydrogen Quantity:  
4-5 kg prior to ignition
Tube trailer inventory burned 
after ignition.



Hydrogen Quantity:  3.5 kg 
prior to ignition



Hydrogen Quantity:  18 kg



Quoted from: Fire brigade extinguishes fire 
at new hydrogen refueling station in 
Germany – pv magazine International

The fire brigade in Gersthofen, Germany, 
has extinguished a fire at a new hydrogen 
filling station and prevented it from 
spreading, the organization said on social media. 
Gersthofen is a town in Bavaria, near Augsburg.

“According to current information, there was also a 
loud bang when the fire broke out. The fire 
department quickly brought the fire under 
control,” said the local police.

Tyczka Hydrogen inaugurated the station on June 17. 
The German company operates the filling station and 
supplies the green hydrogen. The station took nine 
months to construct.

“With hydrogen dispensers at 350 and 700 bar 
pressure, the filling station can refuel a wide range of 
vehicles – from cars, buses, and special vehicles to 
heavy trucks,” Tyczka Hydrogen said in a press 
release. “At the current stage of expansion, it can 
provide around 500 kg of hydrogen per day.”

https://www.pv-magazine.com/2024/06/28/fire-brigade-extinguishes-fire-at-new-hydrogen-refueling-station-in-germany/
https://www.pv-magazine.com/2024/06/28/fire-brigade-extinguishes-fire-at-new-hydrogen-refueling-station-in-germany/
https://www.pv-magazine.com/2024/06/28/fire-brigade-extinguishes-fire-at-new-hydrogen-refueling-station-in-germany/
https://www.pv-magazine.com/2024/06/28/fire-brigade-extinguishes-fire-at-new-hydrogen-refueling-station-in-germany/
https://www.pv-magazine.com/2024/06/28/fire-brigade-extinguishes-fire-at-new-hydrogen-refueling-station-in-germany/
https://www.pv-magazine.com/2024/06/28/fire-brigade-extinguishes-fire-at-new-hydrogen-refueling-station-in-germany/


California, Golden Energy Transit H2 Bus Fueling Fire, 
Bakersfield, CA, 2023

Video Link: https://youtu.be/-kxnjB7l3bE?si=pmhm8az0_nWltKhM

https://youtu.be/-kxnjB7l3bE?si=pmhm8az0_nWltKhM
https://youtu.be/-kxnjB7l3bE?si=pmhm8az0_nWltKhM
https://youtu.be/-kxnjB7l3bE?si=pmhm8az0_nWltKhM


Quoted from: Explosion at hydrogen fuel plant 

damages 60 nearby homes in Catawba County

Officials say all 44 OneH2 employees have been 

accounted for. It’s unclear how many, if any, 

employees were inside the facility at the time of 

the explosion.

It appears the explosion happened near the back, 

outside part of the building, according to officials. 

Damage was reported to the building and 

about 60 surrounding homes.

Fire officials say the homes were inspected and 

one was deemed uninhabitable. All the other 

homes suffered “mostly minor damage from the 

explosion.”

Lynn Brigsbee’s home was the one heavily 

damaged. by the explosion.

“95 percent of my windows are gone,” she said.

Lynn was on the sofa when the blast happened 

less than 100 yards away.Hydrogen Quantity:  50-60kg

https://www.wbtv.com/2020/04/07/homes-damaged-explosion-fuel-facility-catawba-county/
https://www.wbtv.com/2020/04/07/homes-damaged-explosion-fuel-facility-catawba-county/


Hydrogen Industry Safety Approach

• As we build out the hydrogen 

industry applications there will be an 

unprecedented integration of 

hydrogen into many aspects of 

industrial and non-industrial uses.

• There is a network of global 

regulations, engineering standards, 

codes, and guidance for best 

practices for hydrogen safety.

• Following good design codes and 

standards is not considered best 

practice for good safe plants and 

operations.

Hydrogen 
Safety 

Framework

Codes and 
Standards

Best 
Practice 

Guidance 
Regulations



Hydrogen Industry Safety Approach

• Process safety in addition is the “gold 

standard” for safety management of 

hazardous chemical processes

• PSM regulations v voluntary mgmt system 

• Vary depending on the country of operation 

and their regulatory frameworks. 

• Gaps? – 

• Others may operate in countries that do 

not have a PSM regulation or they may be 

excepted by threshold quantitates or 

exemptions as fuel.

• Recommendation - Producers, suppliers, 

facility operators, users, and their 

contractors and employees would all benefit 

from an industry approach to voluntary PSM  

Hydrogen 
Safety 

Framework

Codes and 
Standards

Best 
Practice 

Guidance 

Voluntary 
Mgmt 

Systems

Regulations



Process Safety Management Is The Backbone
Build safety in from concept to operations; PSM keeps those gains from eroding once the site is running

PHASE 1

Concept & design

• HAZID and HAZOP

• Quantitative risk 
assessment

• ISO 19880-1, ISO 
22734, NFPA 2

PHASE 2

Expert review

• Hydrogen Safety Panel 
(US) or notified body 
(EU)

• Fire service sign-off

PHASE 3

Build & 
commission

• Acceptance tests

• Pre-startup safety 
review

• Operators certified 
first

PHASE 4

Operate

• Inspection and trip 
testing

• Management of 
change

• Regular audits

PHASE 5

Measure & learn

• Leading indicators

• Report to HIAD or 
H2Tools

• Share lessons

PSM is critical across every phase: hazard analysis, operating procedures, training, mechanical integrity, management of change, pre-startup 
review, contractor control, incident investigation, emergency planning and audits. Required by OSHA above 10,000 lb of H₂; apply it at every site 
regardless of size.

Target: zero serious losses of containment (API RP 754 Tier 1–2), 100% of safety-critical inspections and trip tests on time, and near-miss reports 
rising in early years, a sign that people are reporting.

Standards and programmes: ISO 19880-1; ISO 22734; NFPA 2 and 55; ASME B31.12; IEC 61511; OSHA PSM (29 CFR 1910.119); API RP 754; AIChE Center for Hydrogen Safety; EU HIAD; PNNL H2Tools.
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Process Safety Overview



Process Safety Management Systems – 
License to Operate

• There is a strong business case for 
implementing process safety 
management systems – the value is in 
preventing the loss of lives, preserving 
the integrity of operations and 
protecting the environment. 

• Safety management systems are well 
developed over the past 50+ years

• It takes years of development to make a 
PSM system effective and diligence to 
sustain that level

30



• There is a need for continuously diligent 
hydrogen safety culture to improve overall 
performance

• It must be the foundation of the operating 
philosophy

• We believe enhancing culture is key to a 
potential breakthrough in more effective 
program results.

Safety Culture for Hydrogen Industry 



32

Core Principles of Process Safety Culture

 Establish an Imperative for 
Safety

 Provide Strong Leadership
 Maintain a Sense of 

Vulnerability
 Understand and Act Upon 

Hazards/Risks
 Empower Individuals to 

Successfully Fulfill their Safety 
Responsibilities

 Defer to Expertise
 Ensure Open and Frank 

Communications
 Foster Mutual Trust
 Combat the Normalization of 

Deviance
 Learn to Assess and Advance the 

Culture

CCPS 
Guidelines PSM 
Culture (2017)



 Conduct of Operations (COO) is 
the embodiment of an 
organization's values and 
principles in management 
systems that are developed, 
implemented, and maintained 
to:
◦ 1) structure operational tasks in a 

manner consistent with the 
organization’s risk tolerance

◦ 2) ensure that every task is 
performed deliberately and correctly 

◦ 3) minimize variations in 
performance 

Conduct of Operations – Principles

1 “Conduct of Operations and Operational Discipline – For Improving Process Safety in Industry”, CCPS, Wiley, 2011 



Conduct of Operations and Operational Discipline 
Contribution to Major CSB Incidents

1 “Driving Continuous Process Safety Improvement from Investigated Incidents”, CCPS, Wiley, 2021

See www.csb.gov for incident investigation reports

http://www.csb.gov/


Five Priorities For Safer Hydrogen Energy Sites
Each targets a failure mode in the incident record; all five are delivered and sustained through process safety management

1 Design out failures

• Auto-trip electrolyzers on O₂-in-H₂

• H₂-rated materials, fire-sized relief

• Scheduled hose replacement

2 Detect and isolate fast

• H₂ gas and UV/IR flame detectors

• Auto shutdown and isolation

• Trips to IEC 61511 integrity

3 Control start-up

• Pre-startup safety review

• Inert-gas leak test and purge

• Staged ramp-up; restarts too

4 Fix the human factors

• Hydrogen-specific hazard training

• Permit-to-work, contractor control

• Management of change

5 Plan for emergencies

• Train local fire services first

• Redundant supply for stations

• Drills with responders

Why these five

• Storage tanks: 40% of station 
incidents, all 3 deaths

• Human error 38%, design 29%

• H₂/O₂ mixing: top electrolyzer cause

Sources: incident analysis on slides 4–6 (Nekhwevha et al. 2025; Tuhi et al., ESREL 2024; ISPT 2023; Wen et al. 2022); NFPA 2; ISO 19880-1; ISO 22734; IEC 60079; IEC 61511.
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Presentation Summary

• Hydrogen incidents are occurring due to preventable causes and 

contributing factors that speak to the need for process safety frameworks

• Industry experience of over 40 years of PSM has shown that it has 

positively changed the way safety is managed 

• The application of a PSM framework to hydrogen operations can apply 

throughout the lifecycle and ecosystem

• Manufacturing of hydrogen. 

• Transportation.

• Use of hydrogen as a fuel 

• It is recommended to influence the industry for to ensure hydrogen safety 

through a modern process safety framework
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