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Abstract: This study applied a risk assessment technique to the steam reforming process in hydrogen
production facilities to generate baseline data for preparing safety protocols in related workplaces.
To this end, consequence analysis (CA) was conducted using DNV-PHAST v.8.9., focusing on the
reforming process, which operates at the highest temperature and pressure among related processes.
This study predicted jet fire damage resulting from the total failure of a 65 mm syngas pipe at the
rear end of the reformer, with a projected flame length of up to 23.6 m based on a radiant heat of
5kW/m?2. As per the assessment, a vapor cloud explosion (VCE) caused damage of up to 42.6 m at an
overpressure of 0.07 bar (1 psi), while a flash fire had an impact range of approximately 12.7 m based
on hydrogen’s LFL (lower flammable limit). This quantitative risk assessment of the general steam
reforming process provides valuable basic data for the design and operation of related facilities.

Keywords: hydrogen; steam reforming process; quantitative risk analysis; PHAST; jet fire; vapor
cloud explosion; flash fire; consequence analysis

1. Introduction

In the current global push toward carbon neutrality by 2050, many major countries
and companies are committing to the ‘RE100” (Renewable Electricity 100) global campaign
promoting the use of electricity obtained from 100% renewable energy sources [1]. Among
the new and renewable energy sources, hydrogen is gaining attention due to its ability
to transfer a significant amount of stored energy without carbon emissions during the
transition from fuel to electricity and vice versa [2]. The Hydrogen Council, where nearly
100 CEOs of global companies gather to share and promote a long-term vision for the
hydrogen economy, predicts an annual hydrogen consumption of 540 million tons by 2050.
This is approximately six times the current hydrogen usage and will represent a substantial
18% of global energy consumption by 2050. Bloomberg NEF predicts that the share of
hydrogen energy will reach 22% by 2050 [3]. While hydrogen is currently used primarily as
an additive and raw material in oil refining and industrial processes, its use as an energy
source is expected to increase rapidly in the future. According to Korea’s ‘Hydrogen
Industry Roadmap’, domestic demand for hydrogen is projected to reach 17 million tons
by 2050, accounting for approximately 21% of total energy consumption [4].

The frequency of hydrogen accidents is increasing alongside rising hydrogen demand.
According to the Ministry of Employment and Labor, a total of 23 accidents involving
hydrogen-related fires, explosions, and leaks occurred over the 12 years from 2011 to 2022,
resulting in 4 fatalities and 11 injuries. Notably, the number of such accidents has been
increasing since 2017 [5].

Hydrogen, which is currently produced in large quantities around the world, is
generated through a method called steam reforming. When methane (CHy), the main
component of natural gas, reacts with pure water (H,O) at a temperature of 700 °C or
higher, hydrogen (H;) and carbon monoxide (CO) are produced. The carbon monoxide is
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then reacted with water to generate additional hydrogen and carbon dioxide (CO,) as a
by-product. Hydrogen can also be produced through a ‘by-product hydrogen” method in
which a gas mixture incidentally generated during petrochemical or steelmaking processes
is simply purified to isolate hydrogen. Currently, most of the hydrogen produced in
Korea is by-product hydrogen. Although Korea produces approximately 2 million tons
of by-product hydrogen annually; most of it is internally reused in petrochemical and
steelmaking processes, and only about 50,000 tons are distributed externally. As of the
end of 2020, hydrogen produced worldwide was 78% reformed hydrogen and 18% by-
product hydrogen [6]. Therefore, it is crucial to identify risk factors in the reforming process,
evaluate the frequency of accidents, and predict accident damage.

Previous studies have addressed similar concerns. For instance, Kwak and Jong-
Beom [7] verified the validity of site conditions by conducting a quantitative risk assessment
on hydrogen charging stations in urban areas based on the Land-Use Planning (LUP) of
the UNECE (United Nations Economic Commission for Europe). Gye and Hye-Ri [8]
and others conducted a quantitative risk assessment (QRA) for high-pressure hydrogen
charging stations in urban areas with a large population and high congestion between
devices and equipment. Their study identified leakage and explosion of tube trailers and
dispensers as the main risk factors, and additional mitigation devices such as compressors
and firewalls for dispensers were suggested as alternatives for the safety of charging station
operators, customers, and surrounding populations. Park and Byung-Jik [9] adopted a
combination of LOPA (Layer of Protection Analysis) and RISKCURVES to conduct a risk
assessment of hydrogen charging stations in urban areas. This method can potentially
be applied not only to hydrogen charging stations but also for risk assessment and risk
reduction for other highly flammable and explosive substances because it can shorten
working time compared to existing risk assessments through CFD (Computation Fluid
Dynamics) analysis. Kwak and Hyun-Jun [10] recommended applying a dual shutoff
valve system in urban hydrogen refueling stations (HRSs) to safely limit the risk below
the As Low As Reasonably Practicable (ALARP) criteria. Jeon and Bo-Il [11] assessed the
quantitative risk of a hydrogen refueling station (HRS) in Cheonan City, South Korea, using
process hazard analysis (PHA) software and a hydrogen risk assessment model. The study
focused on evaluating the societal risk associated with potential accidents, specifically
jet fire and overpressure events resulting from hydrogen leaks. The quantitative risk
assessment revealed that the risks from jet fires and overpressures at the HRS are relatively
low, falling below the ALARP level. Kim and Eun-Jung [12] simulated hydrogen leaks
and explosions at hydrogen fueling stations in Korea. The study used computational
fluid dynamics (CFD) software, FLACS, to model various scenarios involving leaks from
pressurized hydrogen tanks. The simulations considered different pressures and leak hole
sizes, validating the results against experimental data. The findings show that the location
and size of the hydrogen leak significantly affect the spatial distribution of the explosion.
The study also evaluates the effectiveness of a protective wall in mitigating the impact
of explosions.

As a result of previous studies, research has been conducted to establish safety stan-
dards at hydrogen charging stations and hydrogen tube trailer supply facilities. While
significant progress has been made in improving hydrogen production efficiency through
catalyst design [13] and purification technologies [14], there remains a critical gap in the
exploration of safety hazards associated with hydrogen production processes—particularly
those utilizing the steam reforming method. Existing research has neglected a comprehen-
sive analysis of major risk factors and the potential damage effects related to these facilities.
As the number of hydrogen production facilities increases globally, understanding the
risks of leaks, fires, and explosions in these environments is paramount for improving
workplace safety.

This study aims to bridge this gap by performing a quantitative risk assessment
of the hydrogen production process using steam reforming. Unlike previous studies,
our research focuses on identifying the most hazardous points within the process and
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evaluating the impact range of potential accidents, thereby providing essential data for
developing effective safety measures in related work environments. The paper will begin
with a detailed introduction to the steam methane reforming (SMR) process, followed by
a comprehensive risk assessment methodology. In subsequent sections, we will present
the identification of hazardous points and analyze the calculated impact ranges of fires
and explosions resulting from material leaks using the PHAST program. The relevance of
our findings will be discussed in the context of enhancing safety protocols for hydrogen
production facilities.

2. Methodology
2.1. Process Description

The subject of this study is hydrogen production by steam reforming natural gas. In
this process, methane (CHy) gas, the main component of natural gas, reacts with pure water
(H,O) at temperatures above 700 °C to produce hydrogen (H;) and carbon monoxide (CO).
The carbon monoxide then reacts with water to produce additional hydrogen and carbon
dioxide (CO,) by-product. Afterwards, the hydrogen concentration is increased through
condensate separation and Pressure Swing Adsorber (PSA) processes. This study used
data based on the case of company A, which produces hydrogen through steam methane
reforming [15], to identify potential risks in the reforming process operated under the
highest temperature and pressure conditions of the entire process. Details of each process
step are summarized in Figure 1 and Table 1.

o | [
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Air (Pressure Swing.
Reformer
Fuel Gas
Step 3
|
Ms;e:m ! Reformer
£ ane Syngas
|
1
1 !
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DI (Deionized)
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Figure 1. PFD (Process Flow Diagram) of hydrogen production from SMR.

Table 1. Steam methane reforming process.

Step Process Description Condition
(1) Dehydration process: Remove moisture
through adsorbents inside the dryer bed.
Pre- (2)  Desulfurization process: To prevent
1 Treatment contamination of catalysts in subsequent -

reforming and transfer reaction processes,
sulfur is removed through adsorbents inside
the desulfurizer bed.
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Table 1. Cont.
Step Process Description Condition
2 Natural Gas Compressing Compression of natural gas to provide heat to the —  Pressure: 1.0-1.3 MPa
process. — Temperature: 100-150 °C
Steam Natural gas and steam react under a nickel catalyst —  Pressure: 0.9-1.0 MPa
3 Methane to produce syngas (synthesis gas). —  Temperature: 700-900 °C
Reforming (Reaction formula: CHy + HyO<+3H; + CO) —  H, Purity: 40-50%-Mole
Carbon monoxide (CO) among syngas components
4 Shift reacts with steam (HO) to produce additional _  Pressure: 0.9-1.0 MPa
Reaction hydrogen (H;) and carbon dioxide (CO,). (Reaction —  Temperature: 400-500 °C
formula: CO + H,O+H, + CO5,)
Steam Using waste heat and deionized water from the
5 Generatin process, steam is produced for the — Pressure: 0.5-1.0 MPa 3
& reforming reaction. — Temperature: 150-200 °C
. Remove moisture before syngas moves to the —  Pressure: 0.8-0.9 MPa
6 Condensate Separating
PSA process. — Temperature: 30-50 °C
Pressure Swing Purity of hydrogen, the final produ.ct, is increased —  Pressure: 0.8-0.9 MPa
7 Adsorber through the adsorbent, and off-gas is recycled as a —  Temperature: 30-50 °C
heat source to heat the reformer. —  H, Purity: 99%-Mole over

Note: Pressure is based on absolute pressure.

2.2. Selection of Accident Scenarios

This study applied a risk assessment centering on the reforming process, which oper-
ates at the highest temperature and pressure among the processes. In this plant, the 65 mm
pipe at the rear of the reformer is a pipe connected by a flange, and it is the most dangerous
pipe in the field due to high temperature and high pressure. For the accident scenario, fire
and explosion damage were predicted considering the process conditions. For this, the
accident damage prediction program, PHAST (Version 8.9), was used. It was developed by
Det Norske Veritas (DNV) to analyze accident damage in chemical plants [16]. Accident
scenarios were selected for unit facilities that handle chemicals, calculated considering both
the worst-case and alternative accident scenarios. The method required to implement risk
assessment for the process was referenced from the “Technical Guidelines on Consequence
Analysis (CA) Techniques” of the Korea Occupational Safety & Health Agency [17]. Also,
the leakage size of the pipe was based on the “Technical Guidelines on Leaking source
modeling” of the same agency [18]. Table 2 presents three types of leak sizes and the worst
and alternative scenarios.

Table 2. Accident scenario data for SMR.

Name Description Leak Size
Worst Reformer outlet syngas pipe flange leak 65 mm
scenario (total failure) (2.56")
Alternative Reformer outlet syngas pipe flange leak 50.8 mm
scenario 1 (large leak) "
Alternative Reformer outlet syngas pipe flange leak 30.48 mm
scenario 2 (medium leak) (1.2

Syngas, which was selected as the target material for the accident damage prediction,
contains about 48 mol-% of hydrogen as a mixture, and the remaining 52% includes
moisture (H,O), carbon dioxide (CO,), carbon monoxide (CO), and methane (CHy). Since
hydrogen is the primary component of syngas, the substance was analyzed according to
the behavior of hydrogen to obtain more conservative results for the impact range.



Energies 2024, 17, 5704

The weather conditions of the worst-case scenario were selected based on the “Techni-
cal Guideline for the Selection of Worst and Alternative Accident Scenarios” of the Korea
Occupational Safety & Health Agency [19]. For the alternative-case scenario, the air tem-
perature, ground temperature, and relative humidity were based on the average of the
recent one-year (October 2022-October 2023) records in Pyeongtaek city, where the facility
is located. Table 3 presents the weather conditions of the worst and alternative scenarios.

Table 3. Weather condition.

Item Worst Alternative
Atm‘ol\s]gl}?efize;tik/)ility 15/F 30/D
Air Temperature 25°C 13.2°C
Ground Temperature 9.85°C 15.3°C
Atmosphere Pressure 1.013 bar 1.013 bar
Relative Humidity 50.0% 69.2%
Solar Radiation Heat 0.5 kW /m? 0.5 kW/m?

Complete fracture of the 65 mm diameter syngas pipeline, large leak, and medium
leak cases were studied considering jet fire, vapor cloud explosion (VCE), and flash fire
scenarios for 10 min leakage periods. The input data conditions for PHAST simulation are

shown in Table 4.

Table 4. Input data for PHAST simulation.

Item Input Data Remark
Leak Source Pipe Flange -
Leak Source Diameter 65 mm Reformer outlet pipe
Operation Pressure 9.32Bar, g Gauge Pressure
Operation Temperature 565 °C -
Total Leak Quantity 3499 kg/h Total leak

3. Results and Discussion

3.1. Scenario and Damage Prediction Results

The damage prediction results for the scenario input conditions are shown in

Table 5 below.

Table 5. Scenario and consequence analysis results.

Worst Scenario

Classification (65 mm Total Failure) I(XSI(t).e;nn:rtlilvfa?';eenlferia‘l)()l (313.2; r;::ivMeefﬁfllrl;rli;azk)
Weather and topographic data
Wind Speed (m/s) 1.5 3.0 3.0
Atmospheric stability F D D
Air Temperature (°C) 25 13.2 13.2
Relative Humidity (%) 50.0 69.2 69.2
Materials and facilities
Material name Syngas Syngas Syngas
Phase Gas Gas Gas

Facility name (piping part)

Reformer rear end

Reformer rear end

Reformer rear end

Operation pressure (Bar, g)

9.32

9.32

9.32

Operation temperature
0

565.0

565.0

565.0




Energies 2024, 17, 5704

60f12
Table 5. Cont.
Classification Worst Scenario Alternative Scenario 1 Alternative Scenario 2
(65 mm Total Failure) (50.8 mm Large Leak) (30.48 mm Medium Leak)
Size of leakage (mm?) 3316.63 2025.80 729.29
Damage prediction results/leakage result
) 349.9 kg/h 349.9 kg/h 349.9 kg/h
Calculation (kg/s or kg) (Reformer rear-end flow rate) (Reformer rear-end flow rate) (Reformer rear-end flow rate)
Facility /pipe (kg/s) 1.5 kg/s (Phast mass flow rate) 0.9 kg/s (Phast mass flow rate) 0.3 kg/s (Phast mass flow rate)
Damage result
Fire—radioactive heat SKW/m?  125KW/m?  375KW/m? e 125KW/m?  375KW/m? e 125KW/m?  375kW/m?
distance (m)—jet fire
23.6 18.2 14.3 18.7 144 11.3 10.9 8.4 6.6
Explosion—overpressure 0.07 bar 0.138 bar 0.207 bar 0.07 bar 0.138 bar 0.207 bar 0.07 bar 0.138 bar 0.207 bar
distance (m) 426 37.3 355 385 34.9 33.7 14.8 12.8 12.1

3.2. Results for Jet Fire

The Derek Miller Jet Fire Model was applied for jet fire analysis in this study. Table 6
shows the range of radiant heat effects of jet fire by leakage scenario. Figures 2—4 illustrate
the radiant heat value for each location from the source to the endpoint of the jet fire, while
Figures 5-7 depict the impact range by radiant heat for the jet fire. The flame length and
radiant heat impact range are proportional to the size of jet fire leak hole.

In the case of a jet fire, it takes only a few seconds for a fire to occur. Therefore, it is

necessary to select an evacuation route that allows workers within 24 m to evacuate based
on radiant heat of 5 kW /m?.

Table 6. Radiation heat impact range by jet fire.

Ttem Worst Alternativel Alternative2
(Total Failure) (Large Leak) (Medium Leak)
Leak Size (mm) 65 50.8 30.48
Flame Length D (m) 12.2 9.7 6.0
Razt{a;?;?)eat Impact Range (m)
5 23.6 18.7 10.9
125 18.2 144 8.4
375 14.3 11.3 6.6

Note—1) flame length: distance between the end and midpoint of the flame.

Radiation vs Distance for Jet Fire

65mm leak
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Figure 2. Radiation vs. distance for jet fire: worst leak scenario.
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Radiation vs Distance for Jet Fire
50.8mm leak
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Figure 3. Radiation vs. distance for jet fire: alternative leak scenario 1.

Radiation vs Distance for Jet Fire
30.48mm leak
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Figure 4. Radiation vs. distance for jet fire: alternative leak scenario 2.
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Figure 5. Radiation ellipse for jet fire: worst leak scenario.
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Figure 6. Radiation ellipse for jet fire: alternative leak scenario 1.
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~— Category 3/D 5 kW/m2 [Miller model] [Wind direction 270 deg]
— Category 3/D 12.5 kW/m2 [Miller model] [Wind direction 270 deg]
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== 30.48mm leak flame shape
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Distancs dowviog 1)

Figure 7. Radiation ellipse for jet fire: alternative leak scenario 2.

3.3. Results for Vapor Cloud Explosion (VCE)

Examples of hydrogen-related vapor cloud explosions include the accident at the
Muskingum River Power Plant in Ohio, USA, in 2007, and the accident at the Silver Eagle

Refinery in Woods Cross, UT, USA, in 2009.

Table 7 and Figures 8-10 show the overpressure impact distance according to the
vapor cloud explosion by scenario. When a vapor cloud explosion occurs due to pipeline
total failure at a 65 mm leak hole, it exhibits an impact range of 42.6 m at an overpressure
of 0.07 bar (1 psi), and up to 35.5 m at an overpressure of 0.207 bar (3 psi). The smaller the
leak hole, the smaller the range of vapor cloud formed, indicating a tendency to decrease

the range of impact of the overpressure due to the explosion.

Table 7. Overpressure impact range by vapor cloud explosion.

Item Worst Alternativel Alternative2
(Total Failure) (Large Leak) (Medium Leak)
Leak Size (mm) 65 50.8 30.48
Overpressure (bar) Impact Range (m)
0.07 42.6 38.5 14.8
0.138 37.3 349 12.8
0.207 355 33.7 12.1




Energies 2024, 17, 5704

9of 12
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Figure 8. Overpressure impact range for VCE: worst explosion scenario.
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Figure 9. Overpressure impact range for VCE: alternative explosion scenario 1.
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Figure 10. Overpressure impact range for VCE: alternative explosion scenario 2.

3.4. Results for Flash Fire

Table 8 and Figures 11 and 12 show the impact distance according to the occurrence of
a flash fire. For a flash fire occasioned by a 65 mm pipeline total failure, the impact range
for the 4% concentration, which is the lower flammable limit (LFL) of hydrogen, was 12.7 m.
In contrast, for 50.8 mm large leak and 30.48 mm medium leak scenarios, there was no
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flash fire at the LFL. Essentially, the larger the leak hole, the greater the impact range of the
resultant flash fire.

Table 8. Lower flammable limit impact range by flash fire.

Item Worst Alternativel Alternative2
(Total Failure) (Large Leak) (Medium Leak)
Leak Size (mm) 65 50.8 30.48
Lower Flammability Limit Impact Range (m)
LFL (4 % v/v) 12.7 - -
1/2LFL (2 % v/v) 29.0 23.3 -
Flash Fire Envelope
65mm Leak
//_\\ E = 1.5F (43868.8 ppm) |
— 1.5F (21934.4 ppm)
20 A ™ ;
a 1 |
/
7/

10 II
E /
E
i
g
g \

-10 \\

\
B
-20 \
AN
-70 -60 -50 -40 -30 -20 -10 o 10 20 30 40 50 60 70
Distance downwind (m]

Figure 11. Lower flammable limit range for flash fire: worst fire scenario.

Flash Fire Envelope
50.8mm Leak

T T —\ H i { — 3/D (438688 ppm)
20 T / T I == 3/D (21934.4 ppm)

NCE CIOSSWING (M)
o

1 { { e e = g

-60 -50 -40 -30 -20 -10

10 20 30 40 50 60

0
Distance downwind [m]

Figure 12. Lower flammable limit range for flash fire: alternative fire scenario 1.

3.5. Discussion

The analysis confirmed that larger leak holes result in greater impact ranges for jet
fire, VCE, and flash fire scenarios. For jet fires, the flame length and radiant heat impact
range are proportional to the size of the leak hole. Given that jet fires can occur within
seconds of a leak, it is crucial to establish evacuation routes that allow workers within
24 m to evacuate quickly, based on a radiant heat threshold of 5 kW /m?. In case of VCEs,
smaller leak holes result in smaller vapor cloud formations, which tend to decrease the
overpressure impact range. For flash fires, larger leak holes lead to greater impact ranges.
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A quantitative risk assessment was conducted using PHAST v.8.9, a widely accepted and
validated software for process safety analysis in the chemical process industries. Research
on the sensitivity analysis and validation of the PHAST model for toxic or flammable
materials supports its suitability [20,21]. This study further supports the model’s suitability
through its extensive use in evaluating the consequences of leaks, fires, and explosions
in similar high-temperature and high-pressure processes. The input data, detailed in
Section 2.2, were carefully selected based on site conditions and guidelines [19]. Since there
is no material information for syngas in the PHAST program, simulation was conducted by
composing an approximate ratio of the composition. Most of the syngas composition is
hydrogen, and the analysis was conducted according to the hydrogen’s behavior, resulting
in more conservative results. This study is able to be used as data in related facilities as a
quantitative risk assessment for a general steam reforming process.

4. Conclusions

This study applied CA to the steam reforming process of a hydrogen-generating
facility to provide basic data for establishing safety measures at related workplaces. PHAST
Professional version 8.9, developed by Det Norske Veritas (DNV), was used for the accident
consequence damage analysis. The study focused on syngas, a substance flowing through
the 65 mm mixed-gas pipe leak at the rear end of the reformer. Since hydrogen is the primary
component of syngas, the substance was analyzed based on the behavior of hydrogen
to obtain more conservative results for impact range. The accident damage prediction
analysis for syngas, a flammable material, indicated that the primary risks to the plant are
fires and explosions. While the worst-case scenarios have a relatively low frequency of
occurrence compared to other scenarios, their potential for damage is significantly greater.
It is necessary to prepare for such scenarios, as they can recur during long-term plant
operation. It is also important to prevent large-scale accidents such as fires/explosions
caused by flammable material leaks. Further, it is imperative to devise and work on ways
to minimize damage in the event of an accident.

Focusing on the reforming process, which is operated at the highest temperature and
pressure, accident damage predictions were conducted for jet fire, vapor cloud explosion
(VCE), and flash fire scenarios involving a 65 mm syngas pipe at the rear end of the reformer.
During total failure of 65 mm piping, the jet fire had a flame length of up to 23.6 m based
on a radiant heat of 5 kW /m?. VCE presented damage of up to 42.6 m at an overpressure
of 0.07 bar (1 psi), and flash fire exhibited an impact range of approximately 12.7 m based
on the lower combustion limit of hydrogen. These findings should be considered when
designing emergency evacuation routes and handling facilities in related workplaces. To be
specific, the fire hazard area of hydrogen-generating facilities should be an explosion-proof
area with gas detectors that can detect leaks early. In addition, hot work, designation of
non-smoking areas, and isolation of ignition sources should be managed in accordance
with safety standards. Efforts should be made to prevent fires and minimize damage in
the event of a fire through employee education. These measures should be included in
emergency response plans considering the extent of damage to the neighborhood.

This study is a quantitative risk assessment for general steam reforming processes and
can be used as a baseline for the design and operation of related facilities.
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