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Abstract. A methodology and a powerful computational tool (Stochastic Toxic Release Risk 
Assessment Package, STRRAP) useful in risk assessment and emergency planning (safe distance 
calculation) is presented. This tool is based on a method which lets the handling of stochastic 
uncertainty of atmospheric parameters, critical when calculating risk, especially when hazardous 
gases or particulate matter diffusions occur as a result of an accidental release or emission. In fact, 
the random behaviour of wind intensity, wind direction, atmospheric stability and temperature given a 
time horizon (seasonal or a complete year), is considered. So, distributions of the meteorological 
parameters to be used must be specific for the place under study.  
This methodology can be used for both releases and emissions from static sources (a stack or a fixed 
tank in a facility) as well as from transportation accidents (road, train, maritime and pipeline transport).  
After a stochastic simulation which is based on well-known diffusion models (for particulate matter, 
dense and light gases) is carried out, downwind concentrations that overcome a given critical toxicity 
index are obtained. Then, STRRAP can compute individual and societal risks. 
Besides, the data stored in a data base provide the distance distributions that are related to the 
complete set of incidents that this analysis considers. Then safe distances can be determined by 
selecting the 90th percentile value of the distribution. The health criteria used for the analysis are The 
American Industrial Hygiene Association (AIHA) Emergency Response Planning Guideline Level 2 
(ERPG-2) and Level 3 (ERPG-3) for computing Protective Action and Initial Isolation Distances, 
respectively.  
All the subroutines and procedures have been integrated in a computer program which makes 
information management and result presentation easy. 
In order to show STRRAP capabilities, some hazardous events in the area of Rosario city are studied. 
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1. Introduction 
 
Road-accident rates in hazardous material transportation are of the same magnitude of 
releases due to fixed sources (process equipments, stacks, tank releases, etc.). Indeed, 
they have increased during the last decades (in fact, 95% of cases reported in the 20th 
Century occurred in the last 30 years) [1]. Consequently, it is necessary to improve the 
available tools and develop new ones to compute risk indexes and estimate safe distances 
for both cases (fixed and mobile sources), useful for emergency/contingency planning. For 
air diffusion of hazardous gases is important to consider the stochastic uncertainty of 
atmospheric parameters. In this work, an improved system (Stochastic Toxic Release Risk 
Assessment Package, STRRAP) which can handle uncertainties for both risk and safe 
distance calculation is presented. 
Stochastic uncertainty arises from the natural variability of parameters related to the 
involved physical processes. For instance, the natural variability of the weather affects 
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pollutant diffusion processes, and consequently risk calculation. Although additional data 
cannot reduce the stochastic uncertainty, they can provide information about its probability 
distribution [2], [3].  
So, an approach that takes into account the stochastic nature of meteorological 
parameters can be very helpful. In a recent work [2] a method for a risk assessment study 
case considering uncertainty was presented. It demonstrated that it is possible to achieve 
good approximated distributions over the whole impact area, using the Monte Carlo 
strategy (Fig.1). In order to improve the system capabilities, particulate matter and 
Gaussian diffusion models were added to the calculation modules of the previous 
prototype. All these models are limited to air diffusion of toxic materials.  
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Fig. 1. Simplified scheme of the calculation strategy (Monte Carlo) 
 

The following sections explain the main aspects of the model and the software 
implementation. As it will be shown, STRAPP can model a toxic substance release as a 
consequence of transportation accidents or fixed emissions, either involving multiple fixed 
sources or only one.  
 
2. STRRAP System  
 
There are several well-known and very efficient atmospheric dispersion models if the 
necessary data are available.  STRRAP includes models for: 
1. Light and neutral gases (Gaussian model) 
2. Dense gases 
3. Particulate matter diffusion 
For dense gases, DEGADIS model [4] was implemented. Its code was translated into 
FORTRAN 90 and modified so that it can consider the stochastic nature of the problem.  
Also, all models are linked to each STRRAP module: 
1. The pre-processor 
2. The processor 
3. The post-processor 
Figure 2 shows the system calculus modules interactions for a transport accident case. 
The pre-processor module is in charge of the input file generation to the diffusion model. It 
reads the emission data included within a pattern file (substance properties, flow rates and 
others accidents scenarios parameters, the region under study, etc) and then generates 
the random variable values. That is, it writes a file to be used by the calculus module. 
Since the time horizon (a season or the whole year) and the day or night condition are 
fixed, the values of the random variables (wind direction, wind velocity, temperature, 
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humidity, and atmospheric stability) are determined.  
It was found that long computing time is spent for a transportation accident case with a fine 
discretization (grids) and road partition. So, an optimization of this method (Translation 
Algorithm) was made [2]. 
It was defined an affected zone considering only one emitter called “Stochastic Reference 
Emitter (SRE)” and determining all the receptors affected by it. So, we store all the 
concentration histograms and all the data corresponding to the receptors affected by the 
SRE in the data base, and the histograms for any receptor are easily determined by 
means of a translation algorithm. This procedure reduces considerably the computing time 
without loss of accuracy. 
Then, the processor module (using a suitable model) computes the downwind pollutant 
concentration only for the SRE, according to the conditions previously fixed by the pre-
processor. 
The post-processor module is in charge of storing and managing the results for all the 
trials in a data base. Also, it includes the translation algorithm to calculate the 
concentration histograms for all the affected receptors along the entire road, as a function 
of the SRE data. In general, each receptor is affected by several emitters, so the 
translation algorithm must take into account the contribution of all these emitters. 
The post-processor can calculate risk values for a given area, safe distances, etc. 
Several subroutines or auxiliary programmes have been developed to display all the 
results in a graphical way, making the user’s task easier. 
 
3.  Risk Calculation Methodology for Transportation Accidents   
 
Several indexes are possible to be defined to represent the risk analysis results. Common 
representations for individual risk are its contour plots and different average indexes, e.g. 
maximum individual risk, average individual risk, etc.  
Societal risk includes quantification in terms of the number of affected people. Generally, it 
is represented as the Frequency-Number (F-N) curve, a plot of the complementary 
cumulative frequency versus a number of fatalities.  
For risk definitions and risk estimation methodologies, see [3], [5-6]. 
For transport accident releases there are five aspects to be considered in a Quantitative 
Risk Analysis (QRA): 
a) Involvement of a dangerous vehicle in an accident. 
b) Breakage occurrence and characteristics (type, size, etc.). 
c) Release occurrence and characteristics. 
d) Calculation of the individual risk or societal risk due to each segment of the road in a 
given area. 
e) Calculation of risk distribution over the impact area. 
Many works use a deterministic approach for each or some of the above-mentioned 
components [7-9].  
Recent works have made important contributions to solve the risk assessment problem 
more precisely. [10] describes a risk assessment procedure which considers various 
transportation modes, different meteorological conditions and time horizons, a non-uniform 
wind rose and a precise description of the outdoor and indoor population, both on-route 
and off-route. Other studies present several integrated models on a software platform 
solving the risk assessment problem of dangerous goods transportation in a systematic 
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way ([11-13]). [12] and [13] make an analysis of event frequencies. For instance, [13] 
presents a deductive model to calculate the containment loss frequency for rail 
transportation.  
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Fig. 2. System calculus modules 

 
In this paper as in [2] the atmospheric parameters are considered uncertain. If a truck road 
accident and a toxic substance release are particularly considered, the problem is defined 
as it is represented in Fig. 3. 
STRRAP is based on a simple representation of emitters and receptors (grid). ΔLRi are 
different road segments and J . K is the number of receptor squares. The emitters are 
supposed to be placed in the centre of each road segment, ΔLRi, as the receptors are in 
the centre of each square.  
So, the road is cut up into a number of segments and the surrounding area is divided into 
square sections (grid of receptors). Each road segment, ΔLRi, is considered as a potential 
fixed point source or emitter (a potential accident point placed in the centre of each road 
segment). 
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Fig. 3. Discretization of the emission points and the receptor grid points 
 

The expected pollutant concentration is calculated at each grid point or receptor (Xj, Yk), 
with j = 1, … J; k = 1, ... , K, considering all the emitters. Assuming the linear composition 
of  emitters effect, the addition of every road segment contribution affecting each receptor 
must be performed. Indeed, a suitable procedure for generating all possible stochastic 
variable values should be considered in this calculation. As a result, concentration 
histograms corresponding to each receptor (Xj, Yk) can be achieved according to 
seasonal, annual, or other time horizons. Once these histograms are obtained, the 
scheduler has important data to compute the expected resource demands for emergency 
planning or for risk assessment over the analyzed area. 
Consequently, the concentration distribution, the maximum expected concentration, the 
most probable concentration value, the risk distribution, the expected individual or societal 
risk curves, among others, over each geographical area, can be easily obtained. 
Usually, the breakage and release occurrence and characteristics (the most representative 
accident scenarios) are known through an event tree covering all the possibilities [2].  
In this way, the total risk is the addition of partial results corresponding to each branch of 
the adopted tree. So, the following formula is used. 
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where S is the number of accident scenarios, I the number of road segments, and EPm the 
scenario probability. 
For each scenario (m) and emitter (i), we have: 
 

mijkimijk FR Ω=                                                                                                                   (2) 
 
where Fi is the accident probability in each road segment (i) and Ωmijk the accident 
consequence at each receptor (j, k) corresponding to the emitter (i) and scenario (m). The 
accident probability, Fi, can be calculated by multiplying the truck accident probability, pi, 
the road segment length, ΔLRi, and the number of shipments per year, NT. 
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The accident consequence Ωmijk can be calculated as follows: 
 

jkmijkjkmijk ΑΦ=Ω σ                                                                                                             (4) 
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where σjk is the population density in each square (j, k), Ajk is the area and Φmijk is a 
measure of the vulnerability of each receptor. 
In order to estimate the number of affected people, usually the probit methodology is used.  
As it is known the calculation of the vulnerability ( mijkΦ ) depends strongly on the stochastic 
meteorological conditions. Then, the Monte Carlo simulation is used to obtain the 
concentration distribution for each receptor (j, k) introducing distributions for the wind 
direction, wind velocity and atmospheric stability. Consequently, the total risk Rjk involves 
the whole relevant information about the problem. In fact, the whole set of scenario 
possibilities is covered for the Ωmijk calculations. For more details see [2]. 
 
4. Risk Calculation for Static Source Emissions 
 
The risk calculation for fixed source releases can be solved as a particular case of the 
above described transport risk calculation model.  
In fact, now only one emitter must be considered. The total risk is the addition of all 
contributions due to the different scenarios. The risk calculation formula used for this case 
is: 
           ∑

=

=
S
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                                                                                       (5) 

 
where S is the number of possible scenarios, and EPm the corresponding scenario 
probability. For each scenario (m), Equation (4) is valid, but now the subindex “i” is not 
necessary. 
In general, for gas diffusion accidents, different scenarios are characterized by different 
release flowrates. If a release distribution is available, a new stochastic variable can be 
introduced. If only different probabilities for fixed release flowrates are known in an event 
tree, each of its branches is solved using this methodology and the final result is a 
weighted average of all of them.  
     
5. Safe Distances Calculation Methodology 
 
The downwind concentration of the toxic gas or particulate matter decreases as distances 
increase. We will use the 2000ERG [14] definitions to determine safe distances. According 
to that, the Initial Isolation Distance (IID) defines a circular area surrounding the place of 
the incident, where the downwind concentration of the toxic gas is such that could 
endanger exposed people’s lives. The Protective Action Distance (PAD) defines a square 
downwind region where the exposed people can have irreversible health effects and/or be 
unable to escape, thus causing their death.   
For the calculation of PADs, the ERPG2 health criterion is used in the filtering step. The 
IID is calculated in a same way, with the life-threatening health criterion defined as an 
ERPG3.  
Once obtained all the receptors where the critical health criterion was reached, considering 
the SRE, distances between each receptor (j, k) and the SRE can be calculated (j = 1, … , 
J; k = 1, ... , K; i=1,....,I).  
As previously pointed out, all data provided by the post-processor are stored in a data 
base. It gives information about each vulnerable receptor, its geographic coordinates, 
concentrations obtained in each trial and meteorological variables. 
Then, the distance distributions are calculated using 
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 where (Xj,Yk) are the receptor coordinates and (Xi,Yi) are the SRE coordinates. 
In both cases, to calculate the protective action and isolation distances, the 90-percentile 
of their distribution is selected.  
 
6. Study Cases Using STRRAP 
 
6.1 Risk map for a SO2 transportation accident – FN curve 
 
The risk associated to the SO2 transportation in the circumvallation road of Rosario city is 
analysed applying the improved version of STRRAP system (Translation Algorithm). 
The most representative scenarios involving sulphur dioxide are selected from a typical 
event tree as reported in the literature ([15-16]). A time horizon for the analysis (an annual 
base), mean temperature, pressure and humidity for this zone and for this time horizon are 
included in the input files. Figure 4 shows the gas properties and all the variables adopted 
for each case to define DEGADIS input files completely. Indeed, wind velocity; wind 
direction and stability class distributions must be provided for this zone and time horizon. 
Data gathered during the last ten years are used in this work to get the histograms for 
each stochastic parameter. So, probability density functions taking into account the 
variability of the local meteorological conditions are used. For more details see [2]. 
The pre-processor generates every input file, sweeping all the trials.  
 

 
 

Fig. 4. Gas properties and simulation parameters 
 
The risk distribution in the area of interest is computed using risk Equations (1-4). 
Figure 5 show the risk distribution along the studied road.  
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Fig. 5. Risk distribution (transportation case) 
 
6.2 Risk map for a fixed source chlorine release   
 
The risk associated to a fixed chlorine release is analysed. 
An annual base is used to generate distributions for the input vector for DEGADIS model. 
Figure 6 shows gas properties and simulation parameters used for this example. 
  

 
 

Fig. 6. Gas properties and simulation parameters 
 
Figure 7 shows the risk distribution.  
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Fig. 7. Risk distribution (fixed source) 
 

 
6.3 Safe distance calculation for a fixed source chlorine release 
 
The protective action distances versus the emision flowrates curve for a fixed chlorine 
release is presented. Gas properties and simulation parameters are the same as those 
used in the case studied in Section 6.2. 
After all simulations are performed (applying Monte Carlo method), the distance 
distributions are obtained, as explained before (using Eq. 6). First, the distance distribution 
for each flowrate is calculated. Then, the 90-percentile is taken from each distribution as 
the safe value. Finally, the protective action distance curve is plotted as a function of the 
emission flowrates (Fig. 8). 
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Fig. 8. Safe distance-flowrate curve 
 

7. Conclusions  
 
A computational tool (STRRAP) useful for risk assessment and emergency planning is 
described. It is shown that the system can be used for static emission sources (e.g. 
storage tanks, stacks, etc.) or for mobile sources, like hazardous material transportation 
accidents. In the last case, the road or “emission line” is discretized in several segments. 
The number of trials is proportional to the number of emitters and receptors. 
Consequently, the computational time grows with desired resolution (number of emitters 
and receptors). This problem is overcome applying the Translation Algorithm which greatly 
reduces the computation effort. 
In this version the system include light and dense gases diffusion models and particulate 
matter dispersion models. Other types of models as microorganism diffusion or water 
pollutant dispersion will be included in future works.   
Also, it is evident that risk analysis for railway or maritime transport can be solved in this 
way as well as pipelines for gas transport. 
Finally, as STRRAP can consider the local atmospheric random parameter variability, 
more realistic safe distances can be computed, being an important tool for emergency 
planning. 
 

 
Acknowledgements 

 
The authors thank the help of Paola S. Biscotti to carry out the simulations and the 
programming task. Thanks are also given to Universidad Tecnológica Nacional, CONICET 
and Agencia Nacional de Promoción Científica y Tecnológica for their financial support to 
carry out this work 

 
 



 
 

 
 

11

References 
 
[1] Planas-Cuchi E., Montiel H., Casal J. A survey of the origin, type and consequences 

of fire accidents in process plants and in the transportation of hazardous materials. 
Process Safety and Environmental Protection 1997; 75(B1):3-8. 

[2] Scenna N.J., Santa Cruz A. Road Risk Analysis due to the Transportation of Chlorine 
in Rosario city. Reliability Engineering & System Safety 2004. (In press). 

[3] IEC, Risk management - Vocabulary - Guidelines for Use in Standards ISO/IEC 
Guide 73 (2002). 

[4] DEGADIS, EPA, United States Environmental Agency, Air Quality Models, 
http://www.epa.gov/scram001/tt22.htm 

[5] TNO, Guidelines for Quantitative Risk Assessment, “Purple Book”, CPR 18E 
(Committee for the Prevention of Disasters: Den Haag, 1999). 

[6] Christensen Møller F., Andersen O, Duijm N. J., Harremoës P. Risk Terminology-A 
Platform for Common Understanding and Better Communication. Journal of 
Hazardous Materials 2003; A 103:181-203. 

[7] Batta R., Chiu SS. Optional Obnoxious Paths on Network: Transportation of 
Hazardous Materials. Operations Research 1988; 36(1):84-92. 

[8] Re Velle Ch., Cohon J, Shobrys D. Simultaneous Sitting and Routing in the Disposal 
of Hazardous Wastes. Transportation Science 1991; 25(2):138-145. 

[9] Erkut E, Verter V. A Framework for Hazardous Materials Transport Risk Assessment. 
Risk Analysis 1995;15(5):589-601. 

[10] Leonelli P., Bonvicini S., Spadoni G. New Detailed Numerical Procedures for 
Calculating Risk Measures in Hazardous Materials Transportation. Journal of Loss 
Prevention Process Industries 1999; 12:507-515.    

[11] Maschio G., Milazzo M.F., Antonioni G., Spadoni G., Quantitative Transport Risk 
Analysis on a Regional Scale: Application of TRAT-GIS to East Sicily, PSAM7 – 
ESREL’04 Proceedings of the 7th International Conference on Probabilistic Safety 
Assessment and Management, 14-18 June 2004, Berlin, Germany (Springer Verlag: 
London, Berling, Heidelberg, 2004).  

[12]  Cozzani V., Spadoni G., Giusti S., Zanelli S., The Use of HazOp and Fault Tree 
Techniques for the Assessment of Non-accident Induced Release Frequencies in the 
Transport of Hazardous Substances, PSAM7 – ESREL’04 Proceedings of the 7th 
International Conference on Probabilistic Safety Assessment and Management, 14-
18 June 2004, Berlin, Germany (Springer Verlag: London, Berling, Heidelberg, 2004.  

[13]  Gheorghe A. V., Birchmeier J., Vamanu D., Papazoglou I., Kröger W. 
Comprehensive Risk Assessment for Rail Transportation of Dangerous Goods: A 
Validated Platform for Decision Support. Accepted for publication in Reliability 
Engineering and System Safety, 2004. 

[14] Brown D.F., Policastro A.J. et al. Development of the Table of Initial and Protective 
Action Distances for the 2000 Emergency Response Guidebook, October 2000. 

[15] CFR (Code of Federal Regulations). Class 2-Div.2.3-Poisonous gases accidents. 
[16] Rhyne W. R. Hazardous Materials Transportation. Risk Analysis, Quantitative 

Approaches for Truck and Train. New York, NY: Van Nostrand Reinhold Publications, 
1994. 

 
 
 
 
 


