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Accurate prediction of the consequences of accidental releases of hazardous substances is essential for defin-
ing safety distances and emergency planning zones. Several software tools formally recognized by regulatory
frameworks are available for use in safety studies. However, they often rely on different theoretical formulations
and simplifying assumptions, which may lead to discrepancies in the predicted hazard footprints for identical
release scenarios. This study compares toxic dispersion predictions from PHAST v9.0 and EFFECTS v12.5 for
representative release scenarios under 1.5F and 5D meteorological conditions. The analysis focused on discrepancies
between Emergency Response Planning Guidelines (ERPGs) concentration footprints at 1 m above the ground
level, evaluated using similarity and distance metrics, including Jaccard and Dice indices, as well as Hausdorff and
Chamfer distances. Results showed substantial differences under default software configurations in both source-term
representation and predicted footprints, with Jaccard indices ranging from 0.35 to 0.69 and maximum downwind
discrepancies exceeding 1.7 km in some cases. Harmonizing the representative release rate reduced part of this
discrepancy, increasing footprint similarity by up to 10% for the 5D condition. The findings emphasize the need
to raise awareness among practitioners and regulators regarding variability arising from tool choice and underlying
modeling assumptions. Quantifying these differences supports transparency, consistency in safety studies, accurate
safety zone definition, and the harmonization of risk assessment practices.
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1. Introduction

Ammonia is a hazardous substance widely used
in the chemical industry and is increasingly con-
sidered a potential energy vector in low-carbon
energy systems due to its high energy density
and the feasibility of its storage and transporta-
tion in compressed or refrigerated form (Cardoso
et al., 2021). However, its significant toxicity re-
quires careful evaluation of the consequences of
accidental releases. When ammonia is stored and
handled as a pressurized liquefied gas, estimat-
ing the source term associated with accidental

releases remains one of the most challenging tasks
in dispersion modeling (Hanna et al., 2022), as
releases often involve flashing two-phase jets and
transitions from dense-gas to passive dispersion.

Industrial practitioners and regulatory author-
ities frequently employ specialized commercial
software tools for land-use planning and quanti-
tative risk assessment (QRA) in the oil, gas, and
chemical sectors (Gant et al., 2025). The disper-
sion modules in these tools most commonly rely
on integral models, which enable rapid computa-
tion but assume simplified terrain representations,
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such as flat topography or homogeneous surface
roughness. These models solve scalar conserva-
tion equations over the control volume defined
by the cloud boundary, achieving computational
efficiency at the expense of detailed physical rep-
resentation (Lacome et al., 2023). Within the soft-
ware frameworks, the dispersion models are cou-
pled with submodels for release characterization,
flashing behavior, droplet formation, rainout, pool
evaporation, and transitions between jet, heavy-
gas, and passive dispersion regimes.

Despite their widespread use, the choice of
modeling tool may influence the outcomes of con-
sequence analyses (Park et al., 2025). Differences
in theoretical formulations, submodel implemen-
tations, thermodynamic assumptions, and default
parameterizations lead to discrepancies in pre-
dicted hazard footprints, potentially resulting in
either conservative or non-conservative estimates
for toxic exposure.

Previous studies have largely focused on bench-
marking dispersion models against experimental
datasets, with the aim of quantifying predictive
accuracy for specific release and dispersion condi-
tions (Gant et al., 2025; Ruiz Pérez, 2017; Witlox
et al., 2023). These validation efforts typically rely
on point-wise concentration comparisons using
well-established statistical performance indica-
tors, including Fractional Bias, Geometric Mean
Bias, Normalized Mean Square Error, and Geo-
metric Variance. However, such metrics do not
capture differences in the shape and extent of
concentration footprints.

Concentration footprints define the geographic
area where contaminant concentration exceeds
regulatory thresholds, such as Emergency Re-
sponse Planning Guidelines (ERPGs), Acute Ex-
posure Guideline Levels (AEGLs), or Protec-
tive Action Criteria (PACs). Comparing two-
dimensional footprints therefore requires alterna-
tive classes of metrics, including similarity indices
(e.g., Jaccard index and Dice score) and distance-
based measures (e.g., Hausdorff and Chamfer dis-
tances), which quantify both spatial overlap and
geometric differences between contours.

This study investigates the discrepancy in am-
monia dispersion footprints predicted by two

widely used consequence modeling tools, PHAST
v9.0 and EFFECTS v12.5. ERPG concentration
contours obtained under representative release
scenarios and meteorological conditions are com-
pared using geometric similarity and distance met-
rics to quantify model-driven variability relevant
to consequence assessment and emergency plan-
ning. The analysis evaluates consistency between
model outputs under comparable conditions, with-
out addressing experimental validation.

2. Methodology

The simulated system was based on the configu-
ration presented in Orozco et al. (2019) and con-
sisted of a pressurized vessel storing 120 tons of
liquefied ammonia at 12.75 bar and 15 ◦C. Two
meteorological conditions were analyzed: stabil-
ity class F with 1.5 m/s wind and class D with 5
m/s wind. In both cases, the ambient temperature
was 15 ◦C and relative humidity 70 %.

Release scenarios were selected according to
the Purple Book recommendations for pressurized
vessels (RIVM, 2005a). Two cases were analyzed:
a continuous release through a 10 mm diameter
orifice and a catastrophic release of the entire ves-
sel inventory over 10 minutes. In all simulations,
the release point was located 1 m above ground
level (a.g.l.).

The toxic thresholds used for contour extraction
were the ERPG levels for ammonia shown in
Table 1. ERPG-3 is particularly relevant because
it approximates lethality thresholds (Currie et al.,
2024) and can therefore be related to risk met-
rics. PHAST and EFFECTS use different default
ERPG-3 values (750 ppm and 1500 ppm, respec-
tively). For consistency, PHAST ERPG thresholds
were updated to the latest recommended values
prior to simulation, while EFFECTS already uses
these values by default.

The first simulation run (S1) used the default
modeling assumptions implemented in each soft-
ware tool. For the 10 mm leak, PHAST repre-
sents the release as a steady-state discharge at the
peak mass flow rate, whereas EFFECTS models
a time-dependent release and applies the second-
20% approximation recommended in the Purple
Book (RIVM, 2005a). As a result, the representa-
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Table 1. ERPG values for ammonia.

Threshold Value [ppm]

ERPG-1 25
ERPG-2 150
ERPG-3 1500

Source: AHIA (2016)

tive release rate for the 10 mm scenario differed
between the tools, with PHAST using 2.02 kg/s
and EFFECTS using 1.38 kg/s.

Because release rate strongly affects dispersion
outcomes, a second simulation run (S2) was con-
ducted to isolate differences attributable to the
dispersion models themselves. In S2, EFFECTS
was configured to use the peak mass flow rate
for the 10 mm leak, thereby aligning the source
term with PHAST. No changes were applied to the
10-minute release scenario, as both tools already
model this case as a prescribed mass release. The
key differences in configurations for both runs are
summarized in Table 2.

Contour coordinates were exported from each
software package prior to metric evaluation.
PHAST contours were extracted from Excel out-
put files (Cartesian x-y coordinates), while EF-
FECTS contours were exported as KML files and
converted from geographic to planar coordinates.
To eliminate discretization bias, all contours were
resampled to a uniform 10 m spatial resolution
using linear interpolation. All analyses were per-
formed in MATLAB R2024b.

Discrepancies between PHAST and EFFECTS
concentration footprints were quantified using the
Dice score, Jaccard index, Hausdorff distance, and
Chamfer distance. These metrics evaluate spatial
overlap and contour geometry, with the areas en-
closed by the ERPG contours denoted as A and B,
and their boundary points as a and b (Table 3).

3. Results

In this section, results obtained under default soft-
ware settings are labeled S1, whereas those using
harmonized release rates are labeled S2. The re-
sults are presented for both release scenarios and
meteorological conditions.

Figure 1 and Figure 2, together with Table 4 and

Table 5, present the maximum ERPG footprints at
1 m a.g.l. and the corresponding similarity metrics
for all scenarios and both software tools in the S1

run. Figure 3 and Table 6 refer instead to the S2

run.

3.1. Results Using Default Software
Settings (S1)

Under the 1.5F condition, EFFECTS consistently
predicted longer maximum downwind distances
than PHAST for both release scenarios. Con-
versely, under 5D, EFFECTS generally produced
shorter downwind distances, except for the ERPG-
2 and ERPG-3 contours of the 10-minute release
scenario.

With respect to the footprint area, PHAST gen-
erally produced larger total affected zones. This
behavior is attributable to the broader crosswind
spread of the maximum footprints generated by
PHAST, even when its predicted downwind dis-
tances were shorter than those obtained with EF-
FECTS (Figures 1 and 2).

The similarity metrics accounting for the area
of the footprints (D and J in Tables 4 and 5)
indicate moderate agreement between the two
software tools. The highest similarity values were
consistently observed for the ERPG-3 contours,
which correspond to concentrations closest to
lethality thresholds, implying that the results of
the two software tend to converge when predicting
the most hazardous regions. Jaccard index values
ranged from approximately 0.35 to 0.69, with
higher similarity under the more stable 1.5F con-
dition. This indicates that the degree of agreement
between PHAST and EFFECTS depends also on
the meteorological conditions considered.

Regarding distance metrics, Hausdorff Distance
(HD) corresponded in nearly all cases to the
difference in maximum downwind distances be-
tween PHAST and EFFECTS contours. Conse-
quently, in this case, HD represents the discrep-
ancy that will be obtained when defining the emer-
gency zones. The Chamfer Distance (CD) was
consistently smaller, indicating that although lo-
calized deviations in plume reach were large, the
average spatial separation between the contours
was substantially lower.
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Table 2. Configuration differences between the S1 and S2 simulation runs.

Scenario
S1 S2

EFFECTS PHAST EFFECTS PHAST

10 mm leak Second-20% approximation;
default ERPG-3

Peak mass flow; standardized
ERPG-3

Peak mass flow; default
ERPG-3

No changes

10 min release Second-20% approximation;
default ERPG-3

Peak mass flow; standardized
ERPG-3

No changes No changes

Note: ‘No changes’ indicates that the same configuration as in S1 was used.

Table 3. Similarity and distance metrics used for comparing ERPG contours.

Metric Formula Description

Dice score (D)a D =
2|A ∩B|
|A|+ |B| Measures spatial overlap between

two areas; ranges from 0 to 1.

Jaccard index (J)a J =
|A ∩B|
|A ∪B| Stricter overlap metric; penalizes

mismatches more strongly.
Hausdorff Distance
(HD)b

HD(A,B) = max
a∈A

{min
b∈B

‖a− b‖} Captures maximum point wise
deviation; sensitive to outliers.

Chamfer Distance
(CD)c

CD(A,B) = 1
2

⎛
⎝ 1

|A|
∑
a∈A

min
b∈B

‖a− b‖+
1

|B|
∑
b∈B

min
a∈A

‖b− a‖
⎞
⎠ Average minimum distance be-

tween contour points; less sensi-
tive than HD.

Source: (a)Bertels et al. (2019); (b)Taha and Hanbury (2015); (c)Fan et al. (2017)

3.2. Results Using Harmonized Release
Parameters (S2)

The S2 simulations were performed in order to
isolate differences attributable to the dispersion

Table 4. Similarity and distance metrics computed
for the release from a 10 mm diameter hole in the S1
simulation run. E stands for ERPG.

S1 10 mm and 1.5F 10 mm and 5D

E1 E2 E3 E1 E2 E3

D [-] 0.73 0.69 0.75 0.58 0.59 0.61
J [-] 0.57 0.52 0.61 0.41 0.42 0.44
HD [m] 1909 539 42 161 52 31
CD [m] 252 104 20 62 26 10

Table 5. Similarity and distance metrics for the re-
lease of the entire content in 10 min in the S1 simula-
tion run. E stands for ERPG.

S1 10 min and 1.5F 10 min and 5D

E1 E2 E3 E1 E2 E3

D [-] 0.77 0.51 0.82 0.69 0.68 0.76
J [-] 0.62 0.35 0.69 0.52 0.52 0.61
HD [m] 1697 11311 1101 816 681 344
CD [m] 693 2204 195 411 232 72

models by defining the same release rate for the
two software, as described in Section 2.

Because EFFECTS used a higher representative
release rate for the 10 mm scenario in S2, the re-
sulting ERPG concentration footprints expanded
compared to those obtained in S1 (Figure 3).
Under both meteorological conditions, EFFECTS
predicted longer maximum downwind distances
than PHAST for the 10 mm release, consistent
with the behavior observed for the 10-minute re-
lease in the S1 simulations.

Aligning the source term improved the agree-
ment between the ERPG footprints predicted by
the two software tools. For the 5D condition, the
Jaccard index increased by approximately 10%
compared to S1 (Table 6), indicating greater sim-
ilarity in the affected areas once differences in
release magnitude were removed. Under the 1.5F
condition, the improvement was smaller and was
mainly observed for the ERPG-3 contour. The
only case showing a reduction in similarity was
the ERPG-1 contour under 1.5F, where both in-
dices decreased by about 3%. This occurred be-
cause, in EFFECTS, the maximum downwind ex-
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Fig. 1. ERPGs maximum footprints for S1 run of 10 mm release scenario.

Fig. 2. ERPGs maximum footprints for S1 run of 10 min release scenario.

tent of the contour increased more than the cross-
wind width. As a result, the overall footprint area
expanded, but the overlap with PHAST did not
increase accordingly, leading to lower Dice and
Jaccard values.

Greater footprint overlap in S2 also reduced
the distance based discrepancies. For the 5D con-
dition, HD decreased substantially compared to
S1 and no longer reflected differences in max-
imum downwind extent. Instead, it highlighted
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residual discrepancies in crosswind plume spread.
Under the 1.5F condition, the Hausdorff Dis-
tance remained closely associated with differ-
ences in maximum downwind distance, indicating
that plume elongation along the wind direction
continued to dominate the discrepancies between
the two model outputs.

The Chamfer Distance exhibited a similar
trend. Compared to S1, CD decreased under the
5D condition, reflecting a reduction in the aver-
age spatial separation between the contours after
alignment of the release rate. For the 1.5F con-
dition, reductions in CD were more limited and
were primarily evident for the ERPG-3 contour.

Table 6. Similarity and distance metrics computed for
the release from a 10 mm diameter hole in the S1
simulation run. E stands for ERPG.

S2 10 mm and 1.5F 10 mm and 5D

E1 E2 E3 E1 E2 E3

D [-] 0.70 0.69 0.84 0.72 0.70 0.74
J [-] 0.54 0.53 0.72 0.56 0.54 0.59
HD [m] 3225 965 46 73 47 14
CD [m] 427 153 15 37 19 6

4. Discussion

The comparison between PHAST and EFFECTS
shows that assumptions related to both release
modeling and dispersion modeling strongly influ-
ence the predicted ERPG concentration footprints.
The S1 results indicate that default software con-
figurations can lead to substantial differences in
maximum downwind distances and total affected
areas. For small-leak scenarios, discrepancies in
the predicted downwind extent of the lethality
zone ranged from approximately 15% to 30% of
the footprint length, while for catastrophic re-
leases the relative differences increased to be-
tween 30% and 50%, depending on meteorolog-
ical conditions. These differences arise from vari-
ations in source-term representation, which were
reduced in the S2 run. However, model-specific
differences, such as droplet formation and rainout
models, and the transitions between jet, dense-
gas, and passive dispersion regimes remain and
continue to influence the discrepancies observed

between the contours.
For the release of the full inventory over 10

minutes, the two software tools adopt markedly
different approaches to rainout and pool forma-
tion. PHAST predicts partial rainout followed by
the development of an evaporating liquid pool.
As a result, not all released ammonia contributes
immediately to the airborne cloud, and the effec-
tive emission duration extends beyond the pre-
scribed 10 minutes. EFFECTS, in contrast, applies
the Yellow Book spray model (RIVM, 2005b),
which results in no rainout and no pool formation,
causing the full inventory to enter the atmosphere
directly. This divergence in source-term treatment
likely explains the differences observed in the
ERPG footprints for the 10-minute scenario (Fig-
ure 2).

For this catastrophic release scenario, the pre-
dicted maximum downwind distances exceeded
10 km, which corresponds to the upper valid-
ity limit of the dispersion model implemented in
EFFECTS (GEXCON, 2024). Under such con-
ditions, the ERPG-1 and ERPG-2 contours are
subject to increasing uncertainty, and the asso-
ciated footprints should therefore be interpreted
with caution.

The S2 run shows that aligning the representa-
tive release rate between the two tools improves
agreement between the predicted footprints, par-
ticularly under the 5D meteorological condition.
This confirms that differences in release modeling
are a significant contributor to the discrepancies
observed in S1, while the remaining variability
arises from differences in dispersion formulations
and embedded model parameterizations.

Differences in maximum downwind distances,
as reflected by the Hausdorff Distance in the S1

simulations, directly affect how emergency plan-
ning zones are delineated. Because these distances
are often used as a geometric basis for defining
protective action areas, variations that arise solely
from model selection and configuration can lead
to different spatial extents for the same release
scenario. Recent studies have emphasized the im-
portance of cross-validating outputs from different
modeling tools to strengthen the robustness of
consequence assessments (Park et al., 2025). This
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Fig. 3. ERPGs maximum footprints for S2 run of 10 mm release scenario.

highlights the need for transparency in model-
ing assumptions and for practitioners to interpret
software-specific behaviors carefully when model
results are used to support emergency prepared-
ness and land-use planning.

5. Conclusion

This study assessed the variability in ammo-
nia toxic dispersion predictions produced by two
widely used consequence-analysis tools, PHAST
and EFFECTS. Representative accidental release
scenarios were simulated under different mete-
orological conditions, and the resulting ERPG
concentration footprints were compared using
geometric similarity and distance-based metrics.
The analysis quantitatively demonstrated how the
choice of modeling software can lead to divergent
hazard predictions.

Under default assumptions (S1), substantial
discrepancies emerged: EFFECTS consistently
predicted longer downwind distances under sta-
ble conditions, while PHAST produced broader
crosswind spreads and larger total affected areas.
These differences were most pronounced under
neutral atmospheric conditions (5D), where spa-
tial overlap between the two models decreased

significantly.
Harmonizing the release rates (S2) improved

agreement between the predicted footprints, par-
ticularly under 5D, where the Jaccard index in-
creased by approximately 10%, yet notable dis-
crepancies persisted in both downwind and cross-
wind dispersion. These residual differences con-
firm that the variability cannot be attributed solely
to source-term assumptions but also reflects dif-
ferences in dispersion formulations, submodel im-
plementations, and embedded parameterizations.

Overall, the results show that model-driven
variability can significantly influence the delin-
eation of emergency planning zones and the char-
acterization of toxic hazard footprints. Practi-
tioners, safety analysts, and regulators should be
aware of these differences, especially when model
outputs inform land-use planning or emergency
preparedness decisions.

This study provides a reproducible framework
for comparing two-dimensional model outputs us-
ing geometric similarity measures and offers a
quantitative characterization of discrepancies be-
tween two major industrial tools across represen-
tative release scenarios. The results illustrate that
part of the variability originates from default mod-
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eling choices but also that complete harmoniza-
tion is inherently difficult, as each tool incorpo-
rates numerous assumptions that affect predicted
footprints. These findings reinforce the need for
transparent documentation and careful interpreta-
tion of software-specific behaviors when model
outputs support safety assessments.

Future work will extend this analysis to addi-
tional release scenarios and include a sensitivity
study of key modeling parameters to quantify their
influence on contour geometry and inter-model
variability. Furthermore, expanding the compari-
son to other consequence analysis tools would fur-
ther support the development of more harmonized
modeling practices within the industry.
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