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Abstract 

 
Hydrogen is increasingly adopted as a low-carbon energy carrier, creating a need for rapid and auditable blast-

consequence screening to inform hazard zoning. This study develops a web-based simulation platform that automates 

a transparent TNT-equivalent workflow from minimal inputs (inventory volume and evaluation distance). The 

platform converts volume to mass, estimates TNT-equivalent charge using an energy basis and efficiency factor, 

applies Hopkinson–Cranz cube-root scaling, and predicts peak side-on overpressure using three published 

correlations (Crowl and Louvar, Alonso, and Sadovski) under harmonized assumptions, while exporting calculation 

logs for traceability. Validation uses a Type-IV high-pressure hydrogen vessel-burst dataset with measurements at 2–

18 m. Over the sensor-intact 6–18 m window, Alonso achieves MAE 6.006 kPa with R² 0.999, whereas Crowl and 

Louvar and Sadovski yield MAEs of 18.136 kPa and 17.164 kPa with R² of 0.985 and 0.993. A 50 kg TNT-equivalent 

Gangneung 2019 plausibility case gives 50.9–86.7 kPa at 15 m and 3.58–6.34 kPa at 100 m, consistent with reported 

steel deformation and widespread glazing damage. Overall, the platform enables transparent, traceable preliminary 

consequence estimation to support hazard-zoning decisions for hydrogen storage. 
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INTRODUCTION 

Hydrogen (H₂) is increasingly positioned as a 

low-carbon energy carrier, accelerating the 

deployment of production, storage, distribution, and 

refuelling infrastructure (Ma et al., 2024). Global 

hydrogen demand exceeded 97 Mt in 2023 and is 

projected to approach 100 Mt in 2024, while uptake in 

new clean energy applications remains below 1% of 

total demand, implying rapid infrastructure expansion 

and increasing inventory exposure across the value 

chain (International Energy Agency (IEA), 2024). In 
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facility design and operation, this trend reinforces the 

need for fast and defensible separation distance 

decisions and consequence screening, particularly 

where hydrogen assets are located near critical 

infrastructure and occupied areas (Joshi et al., 2024; 

LaChance, 2009).  

Hydrogen explosion hazards remain central to 

process safety because hydrogen exhibits a wide 

flammability range in air from 4 to 75% by volume 

and a very low minimum ignition energy of about 0.02 

mJ, meaning ignition can be initiated by weak ignition 

sources under certain mixing conditions (Calabrese et 

al., 2024; Suwa, 2024). Incident statistics further 

highlight practical relevance, as Hydrogen Incident 

Database reports 120 hydrogen incidents from 1999 to 

2019, dominated by laboratory events at 38.3%, 

followed by refueling stations at 10.6% and 

commercial zones at 9.0% (Yang et al., 2021). A 

notable large-scale example is the Gangneung incident 

(South Korea, May 2019), where a pressure-vessel 

system used for elektroliser testing exploded with a 

reported blast equivalent of 50 kg TNT (CHS, 2019), 

resulting in two fatalities, six injuries, and severe 

damage to nearby facilities (Cekerevac and 

Cekerevac, 2025). Such incidents demonstrate that 

vessel scenarios can generate blast loads sufficient to 

threaten building integrity and human safety, 

motivating practical methods to delineate hazard 

zones for layout design and emergency planning 

(Stolecka-Antczak et al., 2024; Zhou et al., 2024). 

High-fidelity consequence assessment for 

hydrogen explosions is typically pursued via dedicated 

experiments and Computational Fluid Dynamics 

(CFD), but both are costly and time-consuming (Min 

and Kang, 2024). Commercial integral-model 

software such as DNV Phast is widely used in industry 

for explosion consequence analysis, but access can be 

constrained by licensing requirements and dependence 

on dedicated software ecosystems (DNV, 2024). As a 

practical option for early-stage decision-making, the 

TNT-equivalent approach remains widely applied as a 

screening method to estimate peak side-on 

overpressure from scaled-distance relationships for 

parametric studies, preliminary protection evaluation, 

and safety-distance determination (Crowl and Louvar, 

2011; Han et al., 2025). To address this need, this 

study develops a web-based hydrogen explosion 

simulation platform that automates the TNT-

equivalent workflow from minimal inputs of inventory 

volume and evaluation distance, implements three 

established empirical correlations from Crowl and 

Louvar, Alonso, and Sadovski under harmonized 

assumptions, and generates peak side-on overpressure 

as a function of distance. The platform is first 

validated against instrumented pressure vessel burst 

datasets reported in the literature to confirm that the 

predicted overpressure decay with distance is 

reproduced within the measurement-supported range, 

and it is subsequently transferred to the Gangneung 

2019 case as a field-scale plausibility check 

(Cekerevac and Cekerevac, 2025; CHS, 2019; Han et 

al., 2025). Following the validation step, the platform 

provides peak side-on overpressure predictions at the 

evaluated distances as a preliminary screening output 

to support early-stage safety-distance interpretation 

for hydrogen storage scenarios. 

METHODOLOGY 

A TNT-equivalent method was used to 

estimate the peak side-on overpressure (𝑃𝑜) for 

hydrogen (H2) explosion scenarios. Three empirical 

formulations of Crowl and Louvar, Alonso, and 

Sadovski were implemented within a single 

computational workflow and executed in parallel 

under identical scenario inputs (Fig. 1), allowing direct 

comparison of the predicted overpressure under 

consistent assumptions. The implementation records 

the full calculation trail (inputs, intermediate scaled 

variables, and model-specific outputs) and exports the 

run log in a tabular format to support traceability and 

independent recalculation. 

 

Figure 1. Workflow of the TNT equivalent simulation 

platform integrating Crowl & Louvar, Alonso, and 

Sadovski for peak side-on overpressure estimation 

TNT Equivalent Workflow 

The inventory mass was determined for each 

scenario, as determined by Eq. (1).  

  𝑊 = 𝜌 ∙ 𝑉  (1) 

where 𝑊 is inventory mass (kg), 𝜌 is density of the 

inventory (kg ∙ m−3), and 𝑉 is inventory volume 

(m3). 

The total energy of the explosive material can 

be determined using Eq. (2).  

 𝐸𝑡𝑜𝑡𝑎𝑙 = 𝑊 ∙ ∆𝐻𝑒𝑥𝑝 ∙ 𝜂  (2) 
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where Δ𝐻𝑒𝑥𝑝 is explosion energy of the explosive 

material (with hydrogen’s heat of explosion being 

130800 kJ/kg) and 𝜂 is explosion efficiency factor 

representing total energy of the explosive material 

converted into blast loads. The 𝜂 value is empirical 

and contingent upon the conditions of the release of 

the explosion, ignition sources, and environmental 

factors. The 𝜂 value of hydrogen explosions varies 

from 1% to 10% (Han et al., 2025; Lees, 2012). The 

equivalent mass of the TNT is calculated based on the 

total energy released during an explosion using Eq. (3) 

(Crowl and Louvar, 2011). 

𝑊𝑇𝑁𝑇 =
𝐸𝑡𝑜𝑡𝑎𝑙

𝐸𝑇𝑁𝑇
 (3) 

where 𝑊𝑇𝑁𝑇 is the TNT equivalent mass (kg),  𝐸𝑇𝑁𝑇 

is the explosion energy of TNT within the range of 

4230−4836 kJ/kg (Wang et al., 2023). The 𝑊𝑇𝑁𝑇 

value is utilized to calculate the scaled distance 

according to the Hopkinson-Cranz scaling law or 

cube-root law using Eq. (4) (Crowl and Louvar, 2011). 

𝑍𝑒 =
𝑅

𝑊𝑇𝑁𝑇
1/3   (4) 

where 𝑍𝑒 is the scaled distance (m ∙ kg−1/3), R is the 

distance from the explosion center (m). The 

Hopkinson–Cranz scaling law states that, for a given 

explosive and detonation configuration, blast 

overpressure responses are expected to be comparable 

when evaluated at the same scaled distance, even for 

different charge weights (Wei and Hargather, 2021).  

 

Figure  2. Scaled Distance (𝑍𝑒) vs Scaled Overpressure 
(𝑃𝑠) 

Scaled overpressure (𝑃𝑠) is the ratio of peak 

side-on overpressure (𝑃𝑜) in kPa to ambient pressure 
(𝑃𝑎) of 101.325 kPa, as expressed in Eq. (5) and Fig 

2.  

𝑃𝑠 = 
𝑃𝑜 

𝑃𝑎 
   (5) 

Empirical Peak Side-on Overpressure Correlations 

The three correlations were developed from 

different experimental bases and therefore differ in 

applicability range and fitted curve characteristics.  

Crowl & Louvar’s methodology 

Crowl & Louvar (2011) implement the 

Kinney–Graham correlation for TNT surface bursts on 

a flat surface, as determined by Eq. (6). 

𝑃𝑜

𝑃𝑎
=

1616[1+(
𝑧𝑒
4.5

)2]

√[1+(
𝑧𝑒

0.048
)2]√[1+(

𝑧𝑒
0.32

)2]√[1+(
𝑧𝑒

1.35
)2]

 (6) 

In this study, results at low scaled distances are 

treated with caution because empirical blast 

correlations typically show larger dispersion in the 

near field (e.g., 0.2 ≤ 𝑍𝑒 ≤ 1) and become more 

stable for 𝑍𝑒 ≥ 1 (Ullah et al., 2017). Values outside 

the adopted interpretation range are flagged as 

extrapolative screening outputs. 

Alonso’s methodology 

The Alonso correlation provides 𝑃𝑜as a power-

law function of 𝑍𝑒 over two validity ranges (Díaz 

Alonso et al., 2006).  

For 1 ≤ 𝑍𝑒 < 10 can be calculated by Eq. (7) 

as follows: 

 𝑃𝑜 = 1.13 × 106 𝑍𝑒
(−2,01)  (7) 

For 10 ≤ 𝑍𝑒 ≤ 200 can be determined by Eq. 

(8) as follows:  

 𝑃𝑜 = 1.83 × 105 𝑍𝑒
(−1,16)  (8) 

where 𝑃𝑜 is obtained in Pascals (Pa) and is converted 

to kilopascals (kPa) for reporting. Predictions outside 

1 ≤ 𝑍𝑒 ≤ 200 are labelled as extrapolated. 

Sadovski’s methodology 

The Sadovski formulation estimates 𝑃𝑜 based 

on empirical TNT blast tests and assumes a pseudo-

spherical blast origin(Jeremić and Bajić, 2006), as 

expressed in Eq. (9). 

𝑃𝑜 = 0.085
√𝑊𝑇𝑁𝑇
3

𝑅
+ 0.3 (

√𝑊𝑇𝑁𝑇
3

𝑅
)

2

+ 0.8 (
√𝑊𝑇𝑁𝑇
3

𝑅
)

3

(9) 

where 𝑃𝑜 is obtained in MPa and converted to 

kPa for reporting. This study applies Sadovski within 

1 ≤ 𝑍𝑒 ≤ 15 (Jankura et al., 2020), while values 

outside this range are flagged as extrapolative. 

Consequences Classification Based on Peak Side-

on Overpressure 

Blast consequences were assessed by mapping 

the predicted peak side-on overpressure (𝑃𝑜) to 

threshold-based impact categories for structural 

damage and human injury severity (Crowl and Louvar, 

2011; Jeremić and Bajić, 2006; Wang et al., 2023). In 

this study, consequence classification is reported in 

terms of 𝑃𝑜 as a screening-level metric, consistent with 

simplified damage criteria that relate peak 

overpressure to hazard zoning and preliminary safety-

distance interpretation. Accordingly, the predicted 𝑃𝑜 

values at each radial distance were translated into 

qualitative consequence classes using compiled 

threshold ranges from multiple literature sources 
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summarised in Tables 1 and 2, while the full 

classification criteria and source attribution are 

provided in Supplementary Tables S1 and S2. 

Table 1. Summary of structural damage classification 

thresholds based on peak side-on overpressure 

Impact 

category 

𝑃𝑜 range 

(kPa) 
Short descriptor 

IC1 

Insignificant 
0.14–2 

Glazing effects and 

incidental glass damage 

IC2 Minor >2–9 
Minor glass breakage and 

light architectural damage 

IC3 

Moderate 
>9–25 

Widespread glazing 

failure and major non-

structural damage 

IC4 Serious >25–40 

Extensive non-structural 

damage and severe 

building impairment 

IC5 Severe >40–55 

Heavy damage with high 

likelihood of ceiling and 

facade collapse 

IC6 Major >55–76 

Major damage including 

impacts to load-bearing 

components 

IC7 

Catastrophic 
>76 

Near-total collapse of 

building elements 

Table 2. Summary of human injury classification 

thresholds based on peak side-on overpressure 

Impact 

category 
𝑃𝑜 range 

(kPa) 
Short descriptor 

IC1 Minor 

injury 
<20 

Primary blast injury 

unlikely, secondary injury 

possible 

IC2 

Moderate 

injury 

20–30 
Minor contusion and low 

eardrum-rupture likelihood 

IC3 

Serious 

injury 

30–50 

Injury severity increases 

due to combined blast and 

debris effects 

IC4 Severe 

injury 
50–100 

Severe injury risk with 

potential fatality depending 

on exposure 

IC5 

Fatality 
>100 

High fatality likelihood for 

unprotected individuals 

Validation Scenarios  

The platform performance was evaluated using 

two complementary validation scenarios, namely a 

controlled pressure vessel burst dataset and a field 

benchmark event. The essential input parameters 

adopted for both cases are summarized in Table 3. 

Baseline PVBs scenario 

The baseline validation case was adopted from 

the Type-IV high-pressure hydrogen pressure vessel 

burst dataset reported by Han et al. (2025), where peak 

side-on overpressure was measured at distances of 2–

18 m from the explosion center and mapped to TNT 

reference responses with additional refinement using 

CFD simulations. The dataset represents an open-field 

configuration, with the ground as the only reflecting 

boundary. In the reference study, TNT charge weights 

were designed using an energy-based TNT 

equivalency framework by considering the commonly 

reported explosion-efficiency range of 1–10% and 

selecting three representative values of 𝜂 = 3.5%, 

5.5%, and 7.0% to support the experimental matching 

campaign. Using a hydrogen inventory of 7.15 kg and 

the adopted energy constants of 130800 kJ/kg for 

hydrogen and 4520 kJ/kg for TNT, TNT charge 

weights were evaluated at the same measurement 

locations as the hydrogen experiment (2, 4, 6, 8, 10, 

14, and 18 m) to establish distance-dependent peak 

overpressure equivalence. Following the 

experimental–computational matching, a calibrated 

TNT-equivalent mass of 9.53 kg with a corresponding 

yield factor of 0.046 was reported, and these calibrated 

parameters were adopted directly in this study so that 

the platform inputs rely on a measurement-anchored 

TNT equivalency rather than an assumed or tuned 

efficiency. 

For thermophysical consistency, hydrogen 

properties were evaluated in Aspen HYSYS using the 

hydrogen-suitable MBWR package as the equation of 

state (Rezaie Azizabadi et al., 2021). The inventory 

density was taken from the reported vessel charge 

(𝜌 = 40.86 kg/m³) and cross-checked at the rupture 

pressure (79.8 MPa) in Aspen HYSYS v14 (2023) 

using MBWR. The bulk temperature was iteratively 

adjusted until the EOS reproduced the inventory-based 

density, yielding an EOS-consistent state of 𝑇 = 46.86 

o C with a non-ideal compressibility factor of 𝑍 = 1.4. 

Field-scale plausibility case (R&D Gangneung 

2019) 

After validation against the PVBs dataset, the 

platform was further assessed using the hydrogen tank 

explosion that occurred in Gangneung, South Korea, 

in May 2019 as a field-scale plausibility case. A 

technical review by the Center for Hydrogen Safety 

estimated the event to be equivalent to approximately 

50 kg TNT and reported no secondary fire, indicating 

that the observed consequences were primarily blast 

driven. The same review described severe near-field 

damage at around 15 m and widespread window 

breakage at approximately 100 m (CHS, 2019).  In this 

study, the Gangneung scenario was represented using 

the reported tank capacity and operating pressure 

together with ambient conditions, with the ambient 

temperature taken as approximately 31 °C based on 

historical weather records for Gangneung in May 2019 

(“Past Weather in Gangneung, South Korea — May 

2019,” 2019). Hydrogen density at 1 MPa and the 

adopted ambient temperature was cross-checked in 

Aspen HYSYS (2023) using the hydrogen suitable 

MBWR  package, yielding 𝜌 = 0.793 kg/m³   with  a
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Table 3.Validation scenarios for hydrogen explosions, including essential input parameters 

Properties H2 explosion experiment  
R&D Gangneung H2 tank 

explosion  

Density, 𝜌 (𝑘𝑔/𝑚3) 40.86 0.793 

Volume, V (𝑚3) 0.175 40 

Heat of explosion, Δ𝐻𝑒𝑥𝑝 (𝑘𝐽/𝑘𝑔) 130800 130800 

Explosion energy of TNT, 𝐸𝑇𝑁𝑇 (𝑘𝐽/𝑘𝑔) 4520 4520 

Efficiency (𝜂) 0.046 0.055 

near-ideal compressibility factor of 𝑍 = 1.006. To 

preserve consistency with the baseline energy-based 

TNT-equivalency framework, the explosion 

efficiency for the Gangneung case was not introduced 

as an independent tuning parameter. Instead, the 

efficiency was back calculated as 0.055 (5.5%) so that 

the reported field equivalence of 50 kg TNT is 

reproduced under the adopted hydrogen inventory and 

the same energy constants used in the baseline case. 

RESULTS AND DISCUSSION 

Pressure Vessel Bursts (PVBs) Baseline Validation 

Peak side-on overpressure data for the baseline 

PVB validation in this study were adopted from the 

Type-IV hydrogen pressure vessel burst experiments 

reported by Han et al.(2025). The measured response 

exhibits a pronounced decay with distance, decreasing 

from 1238.98 kPa at 𝑅 = 2m to 23.17 kPa at 𝑅 =
18m. The reference study also noted near-field 

measurement limitations, where the 2 m and 4 m 

sensors were damaged after capturing the peak 

overpressure value, resulting in comparatively noisier 

signals at these locations than at the remaining 

measurement points. 

As summarized in Table 4, the three TNT-

equivalent correlations (Crowl and Louvar, Alonso, 

and Sadovski) reproduce the distance-dependent 

attenuation of measured peak side-on overpressure, 

while the predicted pressure levels differ across 

evaluation distances. At 𝑅 = 2 m (𝑍𝑒 = 0.94), Crowl 

and Louvar yields a markedly higher estimate 

(2287.41 kPa, +85%), whereas Alonso provides the 

closest agreement (1270.59 kPa, +3%) and Sadovski 

gives 1380.24 kPa (+11%). At 𝑅 = 4 m (𝑍𝑒 = 1.89), 

Crowl and Louvar remain above the measurement 

(+18%), while Alonso and Sadovski underpredict 

(−22% and −38%). Over the sensor-intact window of 

6–18 m, Crowl and Louvar continues to overpredict 

but with a progressively smaller deviation (+42% at 6 

m to +8% at 18 m), whereas Alonso and Sadovski are 

predominantly below the measurements and converge 

to similar values at the longest evaluation distance 

(−34% and −33% at 18 m). These pointwise deviations 

indicate that, under harmonised TNT-equivalent 

inputs, screening distances inferred at a specified 𝑃𝑜 

criterion can vary across formulations. 

In Figure 3. presents platform-generated 

baseline-validation visualizations in both scaled-

distance coordinates and peak overpressure versus 

evaluation distance, enabling cross-correlation 

differences to be examined under a consistent TNT-

equivalent basis. Across the evaluated window, inter-

model dispersion is more pronounced at lower scaled 

distances ( 0.2 < 𝑍𝑒  < 1.0 ), and whereas the 

variation becomes much smaller for 𝑍𝑒 > 1.0, 

indicating that the empirical relations tend to converge 

more closely in the larger-scaled-distance regime 

(Ullah et al., 2017). In the present dataset, only the 

𝑅 = 2 m point yields 𝑍𝑒 < 1, whereas the remaining 

points (𝑅 = 4–18 m) correspond to 𝑍𝑒 > 1, consistent 

with tighter clustering of predictions as 𝑍𝑒 increases. 

Accordingly, the platform applies 𝑍𝑒-based validity 

alarms and prioritizes screening interpretation in the 

higher-𝑍𝑒 regime, while results at lower 𝑍𝑒 are 

interpreted with additional caution. This treatment 

aligns with broader discussions that TNT-equivalent 

screening tends to be more dependable at larger 

distances, whereas close-range predictions are more 

sensitive to uncertainties in the effective source 

representation and the fraction of release energy 

converted into blast loading  (Chen et al., 2023). 

Overall predictive performance over the evaluation 

window was summarized using the mean absolute 

error (MAE) and the coefficient of determination (𝑅2). 

MAE quantifies the average absolute deviation 

between measured and predicted peak side-on 

overpressures, whereas 𝑅2 indicates how well the 

models reproduce the distance-dependent attenuation 

pattern across the evaluated distances. Because MAE 

is based on absolute deviations, it does not retain the 

sign of the residuals; therefore, the direction of the 

pointwise errors reported in Table 4 was examined in 

parallel when interpreting conservatism for screening 

applications (Khoshvaght et al., 2025). The statistics 

were calculated over the sensor-intact window of 6–18 

m (6, 8, 10, 14, and 18 m) to remain consistent with 

the reliability window adopted in the reference dataset 

and to avoid overweighting the close-range regime. 

For each evaluation distance, the measured value is 

denoted by 𝑦𝑖and the corresponding model prediction 

is denoted by 𝑥𝑖. MAE was calculated as the average 

absolute deviation across 𝑛 distances (Eq. 10), and 𝑅2 

was calculated from the residual and total sums of 

squares (Eq. 11), where 𝑦̄ denotes the meaning of the 

measured values. 
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Table 4. Deviation of TNT-equivalent predictions from measured peak side-on overpressure in the Type-IV hydrogen PVBs case 

Notes: (1) Positive error indicates overprediction; (2) negative error indicates underprediction 

  
(a) Scaled overpressure as a function of scaled distance (b) Predicted peak side-on overpressure versus 

distance or cross-correlation comparison. 

Figure  3. Platform-generated baseline PVBs validation visualization against Type-IV hydrogen pressure vessel burst 

measurements

𝑀𝐴𝐸 =
1

𝑛
∑ |𝑦𝑖 − 𝑥𝑖|

𝑛
𝑖=1   (10) 

𝑅2 = 1 −
∑ (𝑦𝑖−𝑥𝑖)2𝑛

𝑖=1

∑ (𝑦𝑖−𝑦̅)2𝑛
𝑖=1

  (11) 

Over 6–18 m, Alonso gives the lowest MAE 

(6.006 kPa) with R² = 0.999, while Crowl and Louvar 

and Sadovski yield MAEs of 18.136 kPa and 17.164 

kPa with R² values of 0.985 and 0.993, respectively. 

The uniformly high R² values confirm that all three 

correlations represent the attenuation pattern well over 

the evaluated window; the practical distinction is 

therefore dominated by magnitude agreement and 

error direction. In this dataset, Crowl and Louvar 

provides consistently higher estimates over 6–18 m 

with decreasing deviation at larger distances, 

supporting its use as a conservative screening curve, 

whereas Alonso provides the closest numerical 

agreement but remains below the measurements at 

several 𝑍𝑒>1 points and is therefore better positioned 

as a best-fit reference or as a comparative curve 

alongside a conservative envelope. 

Transferability of the Calibrated PVBs Baseline to 

a Real Event: Gangneung 2019 

The calibrated PVB baseline was transferred to 

the Gangneung 2019 field-scale plausibility case by 

matching the Hopkinson–Cranz scaled distance (𝑍𝑒), 

so that comparable blast overpressure responses are 

inferred on a consistent TNT-equivalent basis. Under 

this principle, blast responses from different charge 

weights can be compared when evaluated at the same 

scaled distance (Wei and Hargather, 2021).  

In this study, the Gangneung 2019 incident was 

represented as a field-scale plausibility case with an 

estimated equivalence of approximately 50 kg TNT, 

with consequences dominated by blast effects and 

without a dominant secondary fire. By retaining the 

baseline 𝑍𝑒values, each baseline radial evaluation 

distance (𝑅) was mapped to an adjusted field distance 

(𝑅adj) for the 50 kg charge using Eq. (12). This 

mapping yields some correspondence from 2–18 m in 

the baseline case to approximately 3.48–31.30 m as 

shown in Table 5. 

𝑅𝑎𝑑𝑗 = 𝑍𝑒 ∙ 𝑊𝑇𝑁𝑇
1/3

  (12) 

The mapped field distances and the 

corresponding peak side-on overpressures predicted 

by Crowl & Louvar, Alonso, and Sadovski are 

reported in Table 5. Internal numerical consistency 

was checked by comparing, for each correlation, the 

scaled-up prediction evaluated at 𝑅𝑎𝑑𝑗  and the 

Distance, 

R (m) 

𝑷𝒐, exp 

(kPa) 

𝒁𝒆 

(m·kg⁻¹ᐟ³) 

Crowl & Louvar Alonso Sadovski 

𝑃𝑜 (kPa) 
Error 

(%) 
𝑃𝑜 (kPa) 

Error 

(%) 
𝑃𝑜 (kPa) 

Error 

(%) 

2 1238.98 0.94 2287.412 85 1270.585 3 1380.244 11 

4 403.57 1.89 476.485 18 315.452 -22 248.461 -38 

6 132.37 2.83 187.462 42 139.634 5 102.791 -22 

8 79.26 3.77 100.973 27 78.318 -1 58.488 -26 

10 56.25 4.72 65.132 16 50.012 -11 39.13 -30 

14 33.19 6.6 36.387 10 25.431 -23 22.531 -32 

18 23.17 8.49 24.966 8 15.345 -34 15.481 -33 
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baseline prediction evaluated at the same 𝑍𝑒. The 

resulting deviations remain within −0.27% to 0.10% 

across the mapped points, indicating that the scale-

transfer step preserves the intended cube-root scaling 

behaviour, with residual differences attributable to 

rounding and floating-point precision. These 

deviations are well below the 1% magnitude 

commonly reported for simulator-to-benchmark 

comparisons in chemical engineering, supporting 

internal consistency of the scale-up implementation 

(Andreasen, 2022). 

Consequence Interpretation Based on Structural 

and Human-Injury Thresholds 

Following verification of the scale-transfer 

consistency, the predicted peak side-on overpressure 

𝑃𝑜for the Gangneung 2019 plausibility case (TNT-

equivalent mass of 50 kg) was interpreted using 

threshold-based consequence zoning. Predictions 

from Crowl and Louvar, Alonso, and Sadovski were 

mapped to the structural impact categories in Table 1 

(IC1–IC7) and the human-injury categories in Table 2 

(IC1–IC5). The three correlations are presented in 

parallel to quantify inter-correlation spread, while a 

conservative zoning interpretation is obtained by 

referencing the upper-bound 𝑃𝑜at each evaluation 

distance to avoid delineating buffer zones using lower 

estimates. The spatial distribution of 𝑃𝑜is additionally 

summarised by the platform-generated contour map in 

Fig. 4(a), where the source location is specified by 

input coordinates (37.805070° N, 128.856997° E) 

adopted from the R&D Gangneung site marker in 

Google Maps; this coordinate input places the 

explosion centre on the basemap so that contour zones 

can be interpreted directly against evaluation 

distances. 

Consistency with reported field effects was 

assessed using two qualitative indicators documented 

by the Center for Hydrogen Safety, namely structural 

steel member deformation at approximately 15 m and 

extensive window breakage at approximately 100 m 

(CHS, 2019), supported by post-incident photographs 

in Fig. 4(b)–(c). At 15 m (𝑍𝑒 = 4.06 m·kg⁻¹ᐟ³), the 

predicted overpressure is 51.1 kPa (Sadovski), 67.6 

kPa (Alonso), and 87.1 kPa (Crowl and Louvar), 

mapping to IC5–IC7 in Table 1. This band 

corresponds to severe-to-catastrophic structural 

impact categories, which is compatible with the 

reported deformation of steel members at that 

distance; within the three predictions, Alonso falls 

within the IC6 interval while Crowl and Louvar 

provides the conservative envelope (IC7). At 100 m 

(𝑍𝑒 = 27.06 m·kg⁻¹ᐟ³), predicted overpressure 

decreases to 6.36 kPa (Crowl and Louvar), 3.99 kPa 

(Alonso), and 3.59 kPa (Sadovski), mapping to IC2 in 

Table 1, a regime dominated by facade and glazing 

damage rather than load-bearing failure, consistent 

with the reported widespread window breakage. For 

this distance, the platform flags the Sadovski result as 

extrapolative because 𝑍𝑒 exceeds its stated validity 

range; therefore, interpretation can preferentially 

reference Alonso for alignment with the correlation’s 

validity window while retaining Crowl and Louvar as 

the conservative upper bound for buffer-zone 

screening. 

For human-injury interpretation, the 15 m 

predictions (51.1–87.1 kPa) map to IC4 in Table 2. 

(50–100 kPa), which denotes a severe-injury regime 

with potential fatality for unprotected exposure under 

peak-overpressure threshold schemes (Crowl and 

Louvar, 2011; Jeremić and Bajić, 2006; Wang et al., 

2023). At 100 m, the predicted peak side-on 

overpressures (3.6–6.4 kPa) remain within IC1 (<20 

kPa), where primary blast injury is unlikely; 

consequence interpretation is therefore driven mainly 

by secondary/tertiary injury pathways associated with 

facade and glazing damage, consistent with the IC2 

structural classification at the same distance. Public 

reporting of the Gangneung incident indicates 

fatalities and injuries but does not provide verified 

exposure distances; accordingly, the injury discussion 

in this study is presented as a threshold-based 

plausibility check for zoning interpretation, rather than 

a distance-calibrated validation of casualty outcomes. 

CONCLUSION  

This study delivers a web-based simulation 

platform that automates a transparent TNT-equivalent 

workflow for hydrogen consequence screening, 

enabling traceable calculation from inventory inputs to 

Hopkinson–Cranz scaling and peak side-on 

overpressure prediction using multiple empirical 

correlations. Internal verification of the scale-transfer 

implementation from the calibrated pressure-vessel-

burst baseline to the Gangneung plausibility case 

shows deviations confined to −0.27% to 0.10%, 

confirming numerically consistent implementation 

with differences dominated by precision and rounding. 

Against the Type-IV hydrogen pressure vessel 

burst dataset, all correlations reproduce the attenuation 

pattern over the sensor-intact 6–18 m window. Alonso 

provides the closest agreement (MAE 6.006 kPa; R² 

0.999), whereas Crowl and Louvar yields higher 

estimates with decreasing deviation at larger 

evaluation distances, supporting its use as a 

conservative screening envelope when buffer-zone 

definition must avoid reliance on lower predictions. 

For the Gangneung plausibility case, predicted 

overpressures at approximately 15 m map to major-to-

catastrophic structural impact categories and a severe 

injury band for unprotected exposure, while values at 

approximately 100 m fall in a glazing-dominated 

damage regime with low likelihood of primary blast 

injury but credible secondary injury potential from 

glass fragments. 
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Table 5. Hopkinson–Cranz scale-up consistency from the PVBs baseline to the Gangneung benchmark using adjusted distance 

(Radj)  

R 

(m) 

𝐙𝐞 

(m·kg⁻¹ᐟ³) 

𝐑𝐚𝐝𝐣 

(m) 

𝐏𝐨 (kPa) at WTNT 50 kg Error (%) 

Crowl Alonso Sadovski Crowl Alonso Sadovski 

2 0.94 3.48 2282.466 1268.002 1376.581 -0.22% -0.20% -0.27% 

4 1.89 6.95 476.954 315.719 248.702 0.10% 0.08% 0.10% 

6 2.83 10.43 187.438 139.618 102.779 -0.01% -0.01% -0.01% 

8 3.77 13.91 100.912 78.272 58.455 -0.06% -0.06% -0.06% 

10 4.72 17.39 65.148 50.025 39.14 0.02% 0.03% 0.03% 

14 6.60 24.34 36.376 25.421 22.524 -0.03% -0.04% -0.03% 

18 8.49 31.30 24.964 15.344 15.48 -0.01% -0.01% -0.01% 

Notes: (1) Positive error indicates overprediction; (2) negative error indicates underprediction 

 
(a) Platform-generated peak side-on overpressure (𝑃𝑜) contour map for the Gangneung 2019 plausibility case (50 kg 

TNT equivalent) 

 

 

 

(b) Near-field structural damage observed at 

approximately 15 m 

 (c) Far-field facade damage observed at  

approximately 100 m 

Figure  4. Field-scale consequence interpretation for the Gangneung 2019 benchmark at 50 kg TNT equivalent (Chang-won, 

2019; Times, 2019)

Future work will prioritize strengthening the 

screening credibility of the TNT-equivalent platform 

through broader multi-scenario validation for 

hydrogen explosion using additional instrumented 

datasets and field benchmarks, supported by a 

structured parameter database for key assumptions, 

particularly the case-dependent efficiency factor, to 

enable sensitivity- and uncertainty-aware screening 

outputs. The platform framework will then be 

extended to additional hazardous materials so that 
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cross-material consequence screening can be 

performed under harmonized assumptions and 

consistent reporting. 

NOTATION 

Latin Letters 

E Total explosion energy of hydrogen (kJ) 

𝐸𝑇𝑁𝑇 Explosion energy of TNT (kJ/kg) 

MAE Mean absolute error (kPa) 

𝑊 Hydrogen inventory mass (kg) 

𝑛 Number of evaluation data points (–) 

𝑃𝑎 Ambient pressure (kPa) 

𝑃𝑜 Peak side-on overpressure (kPa) 

𝑃𝑜, exp 
Peak side-on overpressure, experiment 

(kPa) 

R 
Radial distance from explosion center 

(m) 

Radj 
Adjusted radial distance after scaling 

(m) 

R² Coefficient of determination (–) 

T Temperature (°C as specified) 

𝑉 Hydrogen inventory volume (m³) 

𝑊𝑇𝑁𝑇 Equivalent TNT mass (kg) 

𝑥𝑖 
Predicted peak side-on overpressure at 

data point i (kPa) 

𝑦𝑖  
Measured peak side-on overpressure at 

data point i (kPa) 

𝑦̄ 
Mean of measured peak side-on 

overpressure values (kPa) 

𝑍 Compressibility factor (–) 

𝑍𝑒 Scaled distance (m·kg⁻¹ᐟ³) 

Greek Letters 

𝜂 Explosion efficiency factor (–) 

𝜌 Hydrogen density (kg/m³) 

∆𝐻𝑒𝑥𝑝 
Specific explosion energy of hydrogen 

(kJ/kg) 
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