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Abstract

This work presents a methodology and a powerful computational tool, STRRAP (Stochastic
Toxic Release Risk Assessment Package) useful in risk assessment and emergency planning related
to agas release of hazardous materials. It can be used in punctual releases or in truck- transportation
accidents. Also, it can be extended to rail, maritime and pipeline transport involving other types of
scenarios. The present methodology takes into account the random behaviour of meteorological
conditions like wind intensity, wind direction, atmospheric stability and day/seasonal condition
(diurnal or nightly/summer or winter) specific of the place under study. After a stochastic
simulation based on a diffusion model for dense and light gases is done, the downwind
concentrations are obtained, so distances of interest and/or individual and societal risk can be
determined. For this application a procedure that reduces considerably the simulation time has been
introduced. All the subroutines and procedures have been integrated in a computer program which
makes the management of the information and results easy. Findly, test results are shown to
underline the main contribution of the system.

Keywords. Emergency Planning, Transportation of Dangerous Substances, Consequence and
Vulnerability Analysis, Risk Assessment.
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1. Introduction

Circumstances that can endanger peopl€e's health, environment and goods have to be taken into
account when dangerous substances are transported. Therefore, both public and private organisms
must coordinate the use of means and resources to protect properties and people but also to mitigate
negative effects at low cost. Consequently, hazardous-substance transportation is a subject of
evaluation and planning. So, optimal computational tools must be designed to evaluate risk and
provide useful information for emergency planning in optimal time.

Road-accident rates in hazardous material transportation have increased during the last decades.
In fact, 95% of cases reported in the 20" Century has occurred in the last 30 years [1]. Due to the
consequences of these events, it is important to improve the available tool and develop new ones.
Here, an algorithm that reduces the computational time is presented.

Experts in reliability engineering know that zero risk does not exist, even if investments in
prevention are made. Only increasing investments can substantially minimize risks. Consequently,
contingency plans considering evacuation and pollutant isolation/confinement must be carefully
prepared. Any attempt to design or plan beforehand or even upgrade logistics, necessary elements,
schedules and so on, implies the need of defining and evaluating risk scenarios that take into
account both stochastic and state-of-knowledge uncertainties. Hence, decision-making and
emergency planning arrangement require to be based on computing procedures considering the
presence of these two uncertainties in transport accident scenarios.

Stochastic uncertainty is due to the inherent natural variability of parameters in the involved
physical process. For instance, the natural variability of the weather affects pollutant diffusion
processes. Although additional data cannot reduce the stochastic uncertainty, they can provide
information about its probability distribution.

The problem of computing physical consequences produced by the spill or release of a
dangerous substance implies the development of various incidental scenarios. Consequently, all of
them must be evaluated. The stochastic nature of meteorological parameters will be here considered
in order to go deeper in the calculus of pollutant diffusion consequences. In fact, different release
scenarios during a period of time in which al atmospheric parameters vary randomly should be
studied. Besides, this should be done considering variable discharge rates as function of the hole
size distribution. A release of aliquid or a gaseous substance generates different qualitative effects
like a pool and/or a cloud formation, an explosion, ajet, aBLEVE and so on.

Here, results only for hazardous pollutant diffusion events in road transportation will be
shown (Figure 1). Therefore, concentrations of a toxic gas which reach the established health
criteriawill be determined.

2. The Problem definition

STRRAP is based on a simple representation of emitters and receptors (grid). Figure 2 represents
atransportation incident along a road where a dangerous substance release occurs. Multiple emitters
can be represented given their coordinates (X,Y). An arrange of emitters can be part of a road, a
pipeline or a maritime trajectory. Note that a fixed emitter point (stack, tank release, etc.) can be
considered as a particular case with only one emitter.

The road is cut up into finite length portions and the surrounding area is divided into square
sectionsasagrid.

Thus, the problem is defined considering each road portion DLg;, as a potential fixed emission
point along the road. Then, the pollutant concentration can be calculated at each grid point (Xj, Y),
withj=1,...,M; k=1, ..., N; onthe area. So, the concentration distributions due to the emission
of the potential accident occurring in DLg; are obtained.

Diffusion of a pre-established hazardous substance quantity results in different concentration
distributions in each point of interest in a given area depending on the accident characteristics and
release parameters. This is due to the random value of the meteorological parameters given a time
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horizon taken for the analysis. So, a stochastic atmospheric scenario is considered for each point
source. Then, each stochastic atmospheric parameter within the model is represented by a
probability density function. Therefore, considering an emission along the entire road, the expected
concentration histograms will result just from adding all histograms at each point (X;, Yi) along a
given time horizon. Once these histograms (which can be set according to seasonal, annual, or other
bases) are created, the scheduler will have important data to compute the expected resource
demands along the established time horizon for emergency planning or risk assessment.

The downwind concentration of the toxic gas decreases as distances increase. The most criteria
used to divide the risk area into two sub-areas: a little one called the “red zone”, being the most
dangerous, and a bigger one called the “yellow zone”, which is less dangerous. The 2000 ERG [2]
define them as Initial Isolation Distance and Protective Action Distance (PAD). We will use this
definition in this work to determine safe distances.

The Initial Isolation Distance defines a circular area surrounding the place of the incident,
where the downwind concentration of the toxic gas is such that could endanger people's life. The
Protective Action Distance (PAD) defines a square downwind region where people exposed to it
can have irreversible health effects and/or be disabled to escape causing their death.

The two distance definitions are outlined according to Figure 3.

The health criteria used to determined the PAD and the Initial Isolation Distance are the
American Industrial Hygiene Association’s Emergency Response Planning Guideline Level 2 and 3
(ERPG-2 and ERPG-3) respectively.

Summarizing, safe distances, a concentration distribution map of the hazardous substance and an
associated risk map on the geographical zone of interest will be calculated considering the random
weather characteristics.

If this procedure is repeated for more dangerous transported materials, a very good
approximation of possible hazardous scenarios and a quantitative measure of their impact can be
obtained.

In previous works [3], [4], the simulations were carried out considering all grid points and the
contribution of al the emission points from the road. This methodology, athough quite rigorous,
demand a very high computation time. So a more effective calculation procedure, based on an
adequate problem simplification is presented in this work.
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3. Methodology and Computational System

3.1. Methodology - Gas-Diffusion M odel

There are severa very efficient gas-diffusion models being available the necessary data. The two
kinds of models widely used for gas dispersion in the atmosphere are:

1. Gaussian models for light and neutral gases (its density is lower than or equal to the air

density).

2. Heavy gases models.

STRRAP include both options. Option 2, which is the most complicated, will be described. For
heavy gas diffusion calculation we use DEGADIS.

Aerosol presence inside the cloud, heat exchange between the cloud and the ground and other
factors influence on the model characteristics.

DEGADIS® simulator, broadly recognized by the specialized literature, is a free disposal
computation program for calculating dense gas dispersion. The DEGADIS model [5] was designed
to model the atmospheric dispersion at ground level, area-source dense gas (or aerosol) clouds
released with zero (initial) momentum into an atmospheric boundary layer over flat, level terrain. It
describes the dispersion processes, which accompany the ensuing gravity-driven flow and
entrainment of the gas into the atmospheric boundary layer. This has been verified by comparing a
wide range of laboratory and field-scale heavy gas release/dispersion data.

As previoudy stated, each stochastic atmospheric parameter within the model is represented by a
probability density function. The shape and size of these functions define the range of values that
parameters may take and their relative probabilities.

So, given the input data distributions the approximation to the concentration distributions
(probability density function) must be calculated at each given grid point, using a suitable model.

DEGADIS solves systems of equations in terms of meteorological data, surface roughness,
substance physicochemical properties and accident scenario (type of diffusion, flowrate, etc.) given
in the input vector. To consider random variables for certain inputs, we use the Monte Carlo
method. Therefore, according to the stochastic approach and the distribution of each stochastic
parameter, a quantity of random numbers will be given to each accident scenario (input trial)
proportionally to the event occurrence likelihood. Thus, DEGADIS simulator solves the output
vector corresponding for each generated input. If this procedure is repeated with each trial, an
approximation to the output distribution may be obtained. Consequently, this methodology provides
information about the probability density function of the pollutant concentration at a given point
when taking into account the characteristics of the emitting source (road section) and random
meteorological parameters. Wind velocity, wind direction and atmospheric stability are considered
stochastic parameters. Besides, their probability distributions are conditioned following a causal
dependence (Figure 4). Thus, both stability and wind velocity distributions are conditioned by the
wind direction distribution probability, which, in turn, depends on whether it is day or night. Equal
probability of accidents along the road is assumed. Also, equidistribution with respect to time (hour
of the day or night) is adopted.

On the other hand, the considered deterministic parameters are gas properties and roughness
surface. Also, atmospheric pressure, relative humidity and temperature are assumed deterministic
adopting the most representative value along the time horizon to simplify the problem. Figure 5
shows the calculation methodology. First, the system verifies the input data: substance
identification, and flow rate (that is, the accident scenario description). A complementary program
generates the random input sets in which each variable vector corresponds to each DEGADIS run.
Therefore, given the input distributions and the accident scenario, this interface generates the
corresponding input files for the DEGADIS program to carry out each trial. According to Figure 5,
another auxiliary program reads all the outputs files generated by DEGADIS and calculates al the
parameters of interest (maximum and minimum concentration, concentration distributions, the

# See references.
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number of trials in which the concentration is higher than the hazardous levels, etc.) for each grid
point (j, k). Up to this point, the release characteristics were assumed to be known. Nevertheless,
release flowrate (continuous release) or released quantity (discontinuous release) are also uncertain
variables. In fact, it will depend on the accident characteristics (container breakage, relief valve
failure, etc.). Indeed, release flowrate may be a function of each atmospheric condition
(temperature, relative humidity and atmospheric pressure). Here, we will assume a given probability
density function for release flowrate, independent of the other parameters. Also, only continuous
releases will be considered. In this way, we can incorporate a second hierarchical level in which the
release flowrate is given by a particular number of discretized values of the probability density
function. So, for each given flow rate, al the previously described calculations are made. Figure 5
includes this step.

3.2. The Computational System

As shows Figure 6, STRRAP is comprised of three parts (See Scenna, et d [6]):

1. The pre-processor

2. The processor

3. The post-processor

The pre-processor is in charge of the input file generation. It reads accident data included within
a pattern file. That is, it generates the random variable values that will be substituted in the pattern
file before calling the calculus module. Since the values of the random variables (season, day-night
condition, wind direction, wind velocity, and atmospheric stability) have been determined, the pre-
processor writes a file (inp extension). It holds the variables specified for the user and those
achieved by random generation.

The processor module, which keeps intact the DEGADIS calculus subroutine, calculates the
downwind pollutant concentration in each grid-point according to the conditions previously settled
by the pre-processor.

The DEGADIS code was translated into FORTRAN 90 to make program interactions active. In
addition, all the results can be displayed in a graphical way to make the user’s task easier. Several
subroutines or auxiliary programs have been developed. For example, since DEGADIS outputs give
the concentration profiles along the wind direction only, the concentration for al the other grid
points must be calculated using a simple formula and a coordinate transformation. This part of the
process was implemented in such away so as to optimize the calculation speed.

The coordinate-change subroutine not only computes the concentration at the receptor points for
every trial, but also writes all the generated cases in an output file, and creates another file to store
all the casesin which the critical toxicity index stipulated by the user has been overcome (Figure 6).

In a previous version of our package, the cycle pre-processor — processor was repeated so many
times as random trials were generated, for all point sources along the road. The simulations were
carried out considering all receptors (grid points) and the contribution of all the emitters from the
road, spending alot of computational time.

It is easy to show that a specific grid point is affected by a small quantity of emitters (Scenna, et
a [4]). In this version of STRRAP we use this fact to simplify the algorithm and the computational
time. Only affected receptors and potential critical emitters are considered.

Indeed, afurther simplification can be made. Actually, if we consider one emitter and localize all
the receptors affected by it, we can determine a zone of impact which can be supposed invariant and
be reproduced aong the road. We call this the reference emitter (RE). Trandating its results
(concentration histograms) to the complete route, the new affected receptors keep a direct
relationship with the reference one. The only assumption (added to the equidistribution of accident
probability along the road) is that we use the same set of random values for all the emitters along
the road in each trial. So, we only need to ssmulate one point source and trandate its effects to the
whole affected region surrounding the road. It reduces considerably the computing time (8 min. vs.
8 hrs.) without lost of accuracy.



Q home principal OVOIver al indice

So, using the “intelligent” translation algorithm, all grid points affected along the entire road and
their histogram concentrations can be obtained.

Finally, the results are stored in a data base, and by means of suitable queries the information of
interest is obtained. Iso-concentration areas can be traced over the maps. In addition, it is also
possible to determine iso-probit and iso-risk areas and the frequencies wherewith the receptors have
been affected by means of an ad-hoc software developed in Visua Basic (PLOT-DEGADIS
software). Figure 7 shows a risk map built for a Risk anaysis of a chlorine release in the
circumvallation highway of Rosario city.

As we mentioned, the software stores only those values of concentration where the specified
health criterion is overcome. So, in the calculus of safe distances, each receptor is linked up with
each emitter by means of the data base. In this way, distance (receptor-emitter) distributions can be
determined. We adopt the 90-percentile value of this distribution as the safe-distance. This was
selected because is an equilibrate criteria that offers an adequate protection to people and reasonable
planning and response emergency costs. The use of a greater percentile could unnecessarily
increase the risk of the people exposure at the beginning of the accident. Figure 8 shows the 90-
percentile (PAD) and the distance distribution of a chlorine release in the circumvallation highway
of Rosario city.
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4. Conclusions and futureworks

A software to be applied in Risk analysis and Emergency planning, STRRAP, is presented. This
system can be used for static emission points (for example storage tanks, stacks, etc.) or for mobile
sources, like the hazardous material transportation problem (road, rail, pipeline, etc.). The road is
discretized in severa sectors. Output histograms are calculated in short time covering all road
sectors.

Our model considers variability of population density, meteorological variables and accident
scenarios.

Although this prototype of STRRAP has only the possibility to smulate gas diffusion scenarios,
other common types of accidents like fire or explosions (see the interesting work of Papazoglou et
a. [7]) can be easly included. In future works, this procedure will be applied to the most
representative scenarios in a general risk assessment context (for example fire, microorganism
diffusion and particulate material diffusion, etc).

For graphical representation, STRRAP can interact with AUTOCAD. Currently, its interfacing with
the GIS system (Geographical Information System) is being analyzed [8].
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Figure 2. Discretization of the emission points and the receptor grid points.
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Figure 8. PAD and Distance distribution for a chlorine release
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