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Motivation

Important safety questions:
• If a hydrogen leak occurs, where does it go 

and in what concentrations? How much 
hydrogen was lost? 

• Where should facilities place sensors to detect 
leaks? How many sensors? 

Our approach:
• Build Computational fluid dynamics (CFD) 

models of a hydrogen facility.
• Conduct validation/comparison studies with 

controlled releases.
• Use CFD model to perform hydrogen 

dispersion scenario analysis.
• Use models to inform sensor placement

H2@Scale



Reasons for Detection and Monitoring

 Provide assurances of safety
• Avoids accumulation and potential for delayed ignition
• Activate warning alarm and system shutdown
• Alleviate concerns of community stakeholders 

 Minimize product waste (emissions monitoring)  
• Desired monitoring range of interest (ppmv) 
• Market driven / application specific

 Process control applications (up to 100 vol%)
• Fuel Composition/Fuel Quality and metrology

 Released hydrogen behavior modeling validation
• Impacted by environmental and facility parameters
• Inform sensor deployment strategies

 Prognosis and Health Management (PHM) Applications
• Improve reliability and cut maintenance cost

       

The impact of delayed ignition arising from an 
undetected (and unexpected) hydrogen release and 
accumulation can be illustrated in “Hydrogen refueling 
plant explodes in Norway.” see 
https://ctif.org/news/hydrogen-refuelling-plant-
explodes-norway

Gas sensors represent the most common strategy for the direct detection of hydrogen releases. 
Delayed ignition of accumulated released  hydrogen MUST be avoided
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Model development – ARIES Facility
ARIES (Advanced Research on Integrated Energy Systems)



NREL Flatirons Facility 

Unique site location of ARIES

Aerial view of the hydrogen infrastructure and grid integration research pads 
at National Renewable Energy Laboratory’s (NREL’s) Flatirons Campus. 



Outdoor hydrogen dispersion modeling
ARIES (Advanced Research on Integrated Energy Systems)

Modeling outdoor hydrogen releases at ARIES 
(Test bed for release studies) 
– 22.4-27 kg/hr release rate 
– 0.84 bar avg. ambient pressure
– Historically representative wind speed & direction 

Modeling integrates leak and site parameters 
(e.g., wind, weather and structures)
- Sensor placement strategies (short-term)
- Emissions profiling and source location (longer-

range goals)



Dispersion modeling - Long-term goals 

Site-agnostic

Site-optimized

Site-specific

• Test various site locations
• Use site specific information in 

predicative model
• Design a tool for recommendation of 

H2 leak sensor placement

• Vary leak locations with various site-
specific conditions

• Predict leak source from H2
concentration detected by sensors

• Conduct ARIES specific CFD Modeling 
• Generate site specific H2

concentration map and sensor 
locations from modeling

Three stage plan for hydrogen dispersion modeling



Hydrogen Dispersion modeling: Blocks for predictive model

Site-specific data: 
CAD model, 
geological 

constraints etc.

Weather data: Wind 
direction, wind magnitude, 

Temperature, pressure, 
patterns etc. 

Sensor related data: 
Locations of sensor, 
recorded data etc.

CFD data: 
Calculated bulk 

average or specific 
values

H2 concentrations 
for various 
conditions (non-
sensor data from 
simulations)

Build a Predictive 
model

Realtime Sensor 
Data

Leak location on 
site



Hydrogen leak Modeling

Site specific weather 
information

Site specific  CAD 
and CFD modeling

Data processing of H2 
concentration Sensor locations

Developed pipeline for sensor placement strategy

Weather data Statistically representative data

Atmospheric conditions

CAD model of 
site

Mesh of CFD model

Data Points

~ N steady state CFD simulations

H2 concentration map at various locations of interests on siteApproximate sensor map



Wind conditions on site

Windrose maps at various 
elevation for 1 year data 
(Jan-1 to Dec -31) 



H2 dispersion behavior

Hydrogen dispersion nature is wind dependent

Plume direction

𝑢𝑢0 = 2.00 m/s (4.47 mph)

𝑢𝑢0 = 0.50 m/s (1.12 mph)

𝑢𝑢0 = 1.00 m/s (2.24 mph)

𝑢𝑢0 = 0.25 m/s (0.56 mph)

Flammable
hydrogen 
cloud

Hydrogen Sensor 
Measurement Range

1. Near to leak - vol% range
2. Away from leak and around site - < 500-1000 ppm
3. Downstream of leak - <10-100 ppm



CFD modeling and statistical sampling

• 240 simulations for 1 year weather 
data (30 unique wind conditions) and 8 
wind directions (45o interval)

Propagation of 
hydrogen cloud 
after leak at 26 
mph of wind

H2 leak 
simulation for 

ARIES site. Red 
region 

highlighting 
cloud of 

hydrogen above 
20 ppm.

~1 M data point tracked over 240 simulations
Large data ensemble and processing techniques for simulation-based approach

N



Development of sensor placement map
Statistical quantities of average hydrogen 
concentration in logarithmic (bottom axis) 

ppm and raw ppm at various elevations

Distribution of hydrogen concentration downstream of the site and at various 
elevation, showing effect of buoyancy relative to release location



Sensor placement map

Simplified Domain

• Smaller domain with 
only electrolyzer and 
fuel cell

• Only one wind 
direction but have 
wind speed variations. 

• 100 simulations

Site-specific domain
• Larger domain with all site-

specific components
• Includes 30 wind speed 

variations with 8 direction
• 240 simulations
• 1 year weather data

Sampling of sensor points at 1m 
elevation interval for simplified domain



Proposed sensor placement map

Proposed sensor map for site specific domain



Current Status and Future work

Planned testing campaign at ARIES with wind sensor and NREL’s 
internally developed Hydrogen wide area monitoring (HYWAM ) • Support development sensors for 

sub-ppm hydrogen measurements 
for safety monitoring and provide 
ARIES as demonstration site for field 
deployment

• Sensor placement strategies for 
enclosed hydrogen systems and for 
outdoor hydrogen facilities

• CFD Modeling of hydrogen releases 
for safety and emissions profiling 
(outdoor) to inform inverse model 
development for quantitation and 
source identification



• Thank you!
• Questions?

Contact: 

Munjal.Shah@nrel.gov

NLR/PR-5700-95753 
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