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Abstract


This study presents a comprehensive risk assessment of ammonia leaks, focusing on the quantitative modelling of hazardous area ranges, concentration dynamics, and thermal radiation effects under varying leakage scenarios using the ALOHA 5.4.7 software. The analysis involves two key scenarios: an ammonia gas leak and a pool fire, each modelled under distinct atmospheric conditions. For the gas leak scenario, ammonia concentrations were mapped across ERPG-defined hazard zones, ranging from low-level irritation zones (ERPG-1) to life-threatening exposure levels (ERPG-3), with maximum concentrations reaching 1500 ppm within a 110 m radius. The second scenario examined the impact of thermal radiation from a pool fire, identifying critical radiation zones where exposure to heat fluxes exceeding 10 kW.m−2 could cause fatal outcomes within 12 m. Despite ALOHA’s strengths in modelling acute exposure risks and providing valuable input for emergency response planning, the study identifies several limitations, particularly regarding the long-term environmental and health impacts of chemical releases and the effects of varying meteorological conditions. These findings suggest that integrating ALOHA with advanced real-time monitoring and AI-based prediction systems could significantly improve its capacity to manage dynamic, rapidly evolving industrial hazards.
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1. Introduction


Effective management of hazardous substance releases is a cornerstone of industrial safety. In recent years, crisis management tools, such as ALOHA (Areal Locations of Hazardous Atmospheres), have become indispensable for predicting and modelling the spread of chemical hazards, providing critical data for emergency responses. However, despite the widespread adoption of these tools, several challenges persist in ensuring they fully address the complexities of real-world scenarios [1].



One of the primary challenges lies in the precision of the models used. Real-world scenarios are influenced by a myriad of factors, including fluctuating weather conditions, diverse terrains, and unpredictable human activity, all of which can significantly alter the spread of hazardous substances [2]. While ALOHA is highly effective for modelling short-term incidents, it often encounters limitations when addressing long-term health risks from exposure, as well as potential environmental impacts that may arise following a release [3,4]. For example, long-term exposure to low concentrations of ammonia in the environment, especially in enclosed or poorly ventilated areas, can lead to chronic respiratory issues and other health complications. From an environmental perspective, the accumulation of ammonia in soil and water sources can lead to the degradation of water quality and damage to local ecosystems. These gaps create a critical shortfall in comprehensive risk management, particularly in industrial settings where both immediate and long-term risks must be considered.



Another significant challenge in crisis management is the integration of various tools and technologies. Tools such as Geographic Information Systems (GIS) and real-time environmental monitoring provide enormous potential to enhance the capabilities of current models [5,6]. However, the current level of integration remains insufficient, slowing down decision-making during time-critical situations [7]. Moreover, many software systems, including ALOHA, rely heavily on accurate input data, which may not always be available in real time, further complicating crisis management efforts [8].



ALOHA has proven particularly valuable for modelling chemical releases, such as ammonia, providing reliable predictions of danger zones and supporting evacuation planning. Its adaptability in incorporating meteorological and chemical data makes it a preferred tool in industrial safety [9,10]. Nevertheless, its strength in modelling short-term, localised incidents raises questions about its efficacy in long-duration or large-scale accidents [11]. For example, long-term contamination from a persistent ammonia release could result in delayed toxic effects on the environment, including contamination of water sources and soil, with negative impacts on ecosystems and public health. This study seeks to address these concerns by expanding ALOHA’s application, integrating not only immediate hazard assessments but also long-term risk management.



One of ALOHA’s key features is its dual-layered approach: the offline component allows for detailed pre-incident planning, providing a framework for simulating potential emergency scenarios [12]. This offers emergency personnel a foundation for preparedness, enabling them to model various outcomes and develop evacuation strategies before an incident occurs. On the other hand, ALOHA’s real-time online component allows dynamic adjustment of predictions as new data emerges during a crisis. By combining pre-event simulations with real-time updates, ALOHA helps refine decision-making during emergencies [13,14].



In this study, we explore the role of ALOHA not only in immediate crisis management but also in long-term risk mitigation. We address both acute risks associated with chemical releases and the long-term environmental and health consequences of such incidents. The research emphasises the importance of real-time data integration, improving user accessibility, and enhancing the accuracy of long-term hazard predictions. These improvements will allow ALOHA to meet the growing demands of industrial safety and ensure its continued effectiveness in a rapidly evolving technological landscape [15,16].




2. Problem Statement


In industrial settings that involve hazardous chemicals, such as ammonia, effective risk assessment and crisis management are critical for safeguarding public safety and mitigating environmental hazards. Tools such as ALOHA have proven valuable in predicting the dispersion of hazardous substances and informing emergency response efforts. However, despite its widespread use, ALOHA demonstrates limitations when applied to complex, real-world scenarios. Specifically, the software’s current version lacks the ability to incorporate real-time atmospheric data, dynamically adjust to fluctuating meteorological conditions, and accurately model leak behaviour in diverse geographic terrains. Moreover, the predictive models within ALOHA often fail to account for long-term health risks and broader environmental impacts, which introduces a gap in comprehensive risk assessment and management.



This research underscores the importance of addressing these limitations by critically evaluating ALOHA’s performance across multiple ammonia leakage scenarios. In doing so, the study highlights the need for integrating advanced technologies, such as Artificial Intelligence (AI), Geographic Information Systems (GIS), and drones, to enhance the software’s real-time data processing and predictive accuracy. Although these technologies are not yet integrated within the current framework of ALOHA, their potential for improving the emergency response and risk management is substantial. Incorporating these advancements would allow for more timely, accurate predictions and improved decision-making in crisis situations.



Furthermore, this research emphasises the necessity of validating theoretical simulations through real-world case studies. Such validation would bridge the gap between theoretical models and practical applications, ensuring that the proposed enhancements to ALOHA are both functional and relevant in addressing the complex challenges of industrial hazard management.




3. Materials and Methods


The process of investigating and managing industrial accidents involving the release of hazardous substances is inherently complex, requiring a series of critical steps to effectively mitigate the consequences. The initial response focuses on ensuring the safety of personnel and the public through rapid evacuation and isolation of the affected area.



Once immediate safety measures are in place, the collection of evidence begins at the accident site. This involves determining the origin of the leak, identifying the hazardous substance involved, evaluating the conditions that led to the incident, and gathering data about the equipment that was in use at the time. Collaboration with chemical experts, safety engineers, and other relevant specialists is essential to conduct a thorough analysis of the accident’s circumstances.



After evidence collection, a detailed analysis is carried out, often incorporating simulations. In this study, the ALOHA 5.4.7 (Areal Locations of Hazardous Atmospheres) program, part of the CAMEO 4.1 software suite, was employed to model the spread of hazardous substances and predict potential danger zones. Figure 1 provides a structured overview of this investigative process, outlining each phase from the detection and assessment of leaks through modelling, risk assessment, and emergency response actions. Each step aims to ensure systematic management of the situation, integrating immediate safety measures with ongoing monitoring and assessment.



The ALOHA models the dispersion of hazardous substances based on key input variables, such as wind speed, V, temperature, T, and the volume of the released substance, M. The fundamental equation governing substance dispersion is represented as:


C(x,y,t) = f(v,T,M)



(1)




where C(x,y,t) represents the concentration of the substance as a function of distance x, y, and time t. This model enables the estimation of hazardous substance C(x,y,t) at various points within the danger zone and simulates the influence of meteorological conditions on their spread.



Wind speed, V, plays a significant role in determining the size of the danger zone, which expands proportionally with the increasing wind speed:


A∝ v



(2)







Similarly, temperature, T, affects the rate of evaporation of the substance, leading to higher C of vapours near the source of the leak.



ALOHA simulates the release of substances through the following function:


C(t) = f(v,T,M)



(3)




where the resulting C depends on the input variables v, T, and M. Any changes to input data require manual updates to the model, as ALOHA does not automatically adjust to new data in real time. This approach works well in predefined scenarios or under stable environmental conditions but presents challenges when meteorological factors, such as wind speed and direction, fluctuate rapidly.



To assist emergency responders, ALOHA generates color-coded hazard zones, Z(x,y), based on different substances, C(x,y), helping to identify the most hazardous areas and facilitating the planning of evacuation routes.



While ALOHA remains a highly effective tool for pre-incident planning and response under stable conditions, its reliance on manual data updates can limit its responsiveness in dynamic scenarios. In cases where environmental conditions change rapidly, ALOHA would benefit from integration with real-time monitoring systems that continuously feed updated meteorological data into the model. Although manual input would still be required, such integration could enable faster recalculations, enhancing the utility of ALOHA in fast-evolving situations.



The following mathematical notations were used in this study to model the dispersion of hazardous substances:




	
C(x,y,t)—Concentration of the hazardous substance at a given point (x,y) and time t.



	
v—Wind speed (m.s−1).



	
T—Temperature (°C).



	
M—Volume of the released substance (kg or m3).



	
A—Area of the danger zone (m2).



	
Z(x,y)—Color-coded hazard zone at point (x,y).








Despite the versatility of ALOHA, certain limitations must be recognised, particularly in dynamic, rapidly changing environments. ALOHA depends on manual input for crucial environmental parameters, such as wind speed, temperature, and the quantity of the released substance. While this manual input ensures precise simulations under stable conditions, it introduces challenges when conditions shift unexpectedly.



In situations where environmental factors change suddenly—such as rapid alterations in wind speed or direction—ALOHA cannot automatically adjust to the new data. Users are required to manually update the input parameters and rerun the model to account for these changes.



This formula provides a direct link between the amount of hazardous material and the extent of the danger zone, which is crucial for defining evacuation perimeters and ensuring the safety of personnel. While simple, this relationship gives us a clear first estimate of the area potentially impacted by the release.



While this approach is sufficient for predefined scenarios or environments with relatively stable conditions, it becomes less practical in fast-changing scenarios, where real-time adaptability is essential.



Nevertheless, ALOHA remains a robust tool for pre-incident planning and response in predictable or stable conditions, allowing emergency responders to simulate potential hazard zones and assess risks in advance. This capability enables the preparation of evacuation plans and safety protocols. However, in scenarios where environmental conditions change in real time, ALOHA’s reliance on manual updates can limit its effectiveness.



In dynamic situations, ALOHA could be greatly enhanced by real-time data integration, continuously feeding updated meteorological data into the model. Although manual input would still be necessary, this integration would allow for quicker recalculations and improve the model’s applicability in fast-evolving incidents.



Automatic model retraining based on live data remains beyond ALOHA’s current capabilities, but future research could explore opportunities to enhance ALOHA by incorporating advanced data streams or collaborating with platforms that support real-time recalibration of hazard models. Such advancements would enable ALOHA to better respond to rapidly changing conditions during an incident, providing emergency teams with more accurate and timely information.



3.1. Integration of Advanced Technologies in Risk Assessment


The integration of advanced technologies, including Artificial Intelligence (AI), Geographic Information Systems (GIS), and drones, into the ALOHA software framework is paramount for elevating ammonia leak risk assessments. While ALOHA is a powerful tool in its own right, the complexity of modern industrial hazards necessitates an adaptive approach to crisis management.



AI can transform data analysis by rapidly processing vast amounts of information, yielding real-time insights into gas dispersion and potential impact zones. This capability is crucial for making informed decisions during emergencies. Coupling AI with GIS provides a spatial dimension, allowing emergency responders to visualise hazardous areas clearly and strategically allocate resources.



Furthermore, the deployment of drones equipped with advanced sensors enhances situational awareness, offering immediate aerial data on environmental conditions and gas concentrations. This integration allows for timely interventions and precise assessments of affected areas, improving response strategies significantly.



Embracing these technological advancements not only streamlines ALOHA’s operational capabilities but also fortifies public safety and environmental protection. As the risks associated with ammonia leaks continue to evolve, it is essential for ALOHA to adapt, ensuring that emergency services can respond swiftly and effectively to mitigate potential hazards.




3.2. Comparison of ALOHA with Other Risk Assessment Tools


In evaluating the efficacy of ALOHA software for ammonia leak risk assessments, it is crucial to place it within the broader context of available risk assessment tools. ALOHA, primarily designed for analysing chemical releases and modelling dispersion patterns, offers unique strengths, such as its user-friendly interface and integration of emergency response guidelines.



However, other tools, such as PHAST 6.7 (Process Hazard Analysis Software) and CAMEO 4.1 (Computer-Aided Management of Emergency Operations), provide complementary functionalities. For instance, PHAST excels in detailed quantitative risk assessments, incorporating extensive databases of chemical properties and advanced modelling capabilities, which may enhance the depth of analysis when paired with ALOHA’s dispersion modelling.



Moreover, CAMEO integrates a robust planning framework, including hazardous materials’ tracking and real-time monitoring features, which could significantly augment ALOHA’s existing functionalities. The incorporation of these tools into the workflow could facilitate a more holistic approach to risk management, ensuring that decision-makers have comprehensive insights for effective emergency preparedness.



Thus, while ALOHA remains a valuable tool in the field of risk assessment, it is essential to recognise its limitations and consider integration with other advanced tools. Such a multidimensional approach would not only enhance the robustness of risk assessments but also ensure a more thorough analysis of potential hazards in real-world scenarios.





4. Model Situation


For a model situation, a year-round skating arena was chosen, in the city centre, which serves the local population for sports events. Its capacity is 1619 seats, and the dimensions of the ice surface are 61 × 26 metres. According to the scenario of the IRS units, aimed at practicing the leakage of a hazardous substance, there was a malfunction of the cooling equipment in the engine room of the aforementioned skating arena and a subsequent ammonia leak.



The cooling system of the skating arena consists of an engine room and a closed ammonia cooling circuit. The cooling engine room is located next to the skating arena area in a new separate building, from where there is a channel for the skating arena piping.



The monitoring system for detecting ammonia leaks in the cooling plant relies on a set of sensors. The sensors are integrated into a monitoring system that constantly monitors ammonia C (H1, H2, and H3). These sensors are designed to detect specific thresholds of ammonia C, which trigger various safety mechanisms depending on the severity of the leak.



The stated values of 60 ppm (H1) and 120 ppm (H2) were chosen based on internationally recognised standards for detecting and managing ammonia leaks in industrial facilities. These limits are defined to trigger preventive measures. At a C of 60 ppm (H1), optical signals and ventilation are activated to minimise the risk of further C increases. At 120 ppm (H2), compressors are additionally shut down, and acoustic signals are triggered to prevent ammonia levels from reaching even more dangerous thresholds. These thresholds are crucial for timely warnings and the protection of public health.



Table 1 specifies, in more detail, the provision of warning and notification in the event of an extraordinary event associated with an ammonia leak at a skating arena. If the ammonia leak reaches an emergency state, the H3 signalling is triggered, and the civil protection siren is activated. In the process of emergency ventilation, there is extraction from the cooling plant and from the distribution channel. Here, however, it is desirable to proceed to measurements of the C of ammonia in the vicinity of the cooling plant and in the building of the skating arena, together with the monitoring of ammonia vapours.



Emergency leakage of partial amounts of ammonia in these conditions poses a major risk to the population around the skating arena. Accidental leakage of ammonia most often occurs due to a malfunction of the safety valve on the ammonia circuit or due to the loss of integrity of this circuit. Most ammonia is in a liquid state under the given conditions at a pressure of 0.2–1.35 MPa. Its low boiling point (−33 °C) at atmospheric pressure causes an intense boil in an emergency leak, leading to the formation of a gaseous cloud of ammonia. In the evaluation and calculations, the analysis of the spread and dispersion of ammonia in the area with civilian amenities, especially in the vicinity of the skating arena, was crucial.



In areas with cooling equipment that uses NH3 refrigerant, ventilation in accordance with STN EN 378 is observed. Ventilation is provided by a mechanical ventilation fan. The engine room is equipped with emergency ventilation, which changes the air at least 15 times per hour through the air conditioning ducts.



4.1. Results of Models of Individual Scenarios


Under the scenario of an extraordinary event of NH3 leakage from the skating arena, an employee of the engine room was informed about the leakage of a dangerous substance by an SMS message from the monitoring system, about the H1 warning level being exceeded in the engine room. Immediately after this notification, an emergency was declared and reported to the permanent service of the building, which reported the situation to the emergency line.



The population was alerted through various mass media, but especially the city announcement system and the loud AsV Bavián siren, the sound of which lasted 2 min and had a fluctuating tone, which indicates a general threat. The next step was followed by a voice announcement informing the population about the ammonia leak, the amount of the leaked substance, the predetermined affected area, and how residents should proceed in this situation.



An authorised employee conducted a survey in the engine room using a special chemical suit and autonomous breathing apparatus to determine the extent of the damage.



To achieve the set goal and purpose of the study, it was planned to use ALOHA 5.4.7 software, which was used to simulate the leakage of a hazardous substance in the vicinity of the skating arena building.



4.1.1. Scenario 1.1. Ammonia Leak under Stable Atmospheric Conditions


In this scenario, an ammonia leak was simulated using ALOHA 5.4.7, incorporating critical geographical data (GPS: 49.135727, 20.433323) alongside atmospheric variables typical of summer conditions. With a low wind speed of v = 1 m.s−1 and a temperature of t = 25 °C, the model accounted for the slower dispersion of ammonia, concentrating the gas near the source. The chemical properties of ammonia, specifically its molecular weight of 17.03 g.mol⁻1, were essential in predicting the potential hazard zones.



By integrating these data into ALOHA, the software utilised the Emergency Response Planning Guidelines (ERPG) to delineate risk zones based on ammonia concentrations at various locations over time. Under stable conditions, the simulation identified three distinct danger zones, each defined by specific concentration thresholds and associated health risks:




	
ERPG-1 zone (25 ppm ≤ C(x,y,t) < 150 ppm) involves exposure that may cause mild irritation but poses no serious health risks (yellow zone in Figure 2).



	
ERPG-2 zone (150 ppm ≤ C(x,y,t) < 750 ppm) presents significant health risks, requiring immediate protective actions (orange zone in Figure 2).



	
ERPG-3 zone (C(x,y,t) ≥ 750 ppm) represents the highest concentration of 1500 ppm, where exposure can lead to serious health risks. Prolonged exposure may cause severe respiratory issues, requiring immediate intervention to prevent life-threatening conditions (red zone in Figure 2).








The model identified that under calm conditions (v = 1 m.s−1), the ERPG-3 zone extended approximately 110 m from the source. However, this changed significantly under increased wind speeds (v = 5 m.s−1), as the hazard zone expanded to over 450 m for ERPG-2. This highlights how meteorological variables, such as wind speed, dramatically influence the extent of hazardous zones, underscoring the importance of incorporating real-time environmental data during emergencies.



In Scheme 1, a simplified schematic of the ammonia dispersion pattern is presented, showing the concentration levels as a function of distance and wind direction. The dashed lines represent wind direction confidence intervals, which account for variability in meteorological conditions that could affect the spread of the gas.



Table 2 summarises the numerical data for each danger zone under different wind conditions.



These data, visualised through integration into Google Earth (Figure 2), assist emergency planners by providing spatially precise predictions of the affected areas.




4.1.2. Scenario 1.2. High-Concentration Ammonia Leak with Fatal Consequences


The model for this scenario was constructed by simulating a high-concentration ammonia leak under stable atmospheric conditions, designed to emphasise a more extreme hazard situation than Scenario 1.1. This simulation considered atmospheric conditions (t = 25 °C, v = 1 m.s−1) and the geographic location (GPS: 49.135727, 20.433323). Ammonia’s molecular weight (17.03 g.mol−1) and boiling point (−33 °C) were also factored into the calculations. Using the ALOHA 5.4.7 software, danger zones were defined based on ERPG thresholds, with dispersion patterns modelled accordingly.



Scenario 1.2 simulates an ammonia leak occurring under stable atmospheric conditions but with a significantly higher leakage rate compared to Scenario 1.1. While both scenarios were conducted under comparable atmospheric conditions, Scenario 1.2 models a considerably higher ammonia concentration due to the elevated release rate and restricted dispersion dynamics, resulting in more severe exposure risks. The concentration difference between these two scenarios can be attributed to the proximity of the leak source to enclosed areas, which restricts the dispersal of ammonia. As a result, higher concentrations accumulate near the leak source, creating more hazardous conditions.



The ALOHA model identified three primary zones of risk, with a focus on life-threatening ammonia concentrations, as follows:




	
ERPG-1 zone (300 ppm ≤ C(x,y,t) < 2160 ppm) presents a lower immediate risk compared to ERPG-2 and ERPG-3 but still carries significant health hazards if exposure is prolonged. Within this concentration range, individuals may experience respiratory discomfort and irritation, with the potential for long-term health effects if not evacuated in time. Although the urgency for evacuation is not as critical as in higher zones, protective measures must be implemented to prevent adverse health outcomes over extended periods of exposure.



	
ERPG-2 zone (2160 ppm ≤ C(x,y,t) < 4300 ppm) covers an area where exposure lasting around 30 min can result in serious health issues, including respiratory tract damage, lung injury, and cardiovascular complications. Although the health risks in this zone are lower than in the ERPG-3 zone, the possibility of life-threatening consequences persists if timely intervention is not undertaken. Emergency response teams need to act swiftly to mitigate the dangers posed by this high concentration of ammonia.



	
ERPG-3 zone (C(x,y,t) ≥ 4300 ppm) poses an extreme and immediate threat. At this concentration level, exposure can lead to fatal health effects within minutes due to rapid and severe impacts on the respiratory system and other vital functions. The urgency for evacuation in this zone is heightened by the elevated concentration, which drastically reduces the available time for safe evacuation and intervention. Immediate and coordinated action is critical to prevent casualties.








This scenario emphasises the necessity for rapid evacuation and timely intervention, as the higher concentration levels leave minimal room for error. In contrast to Scenario 1.1, where the risk zones were more widespread, the hazard in Scenario 1.2 is highly concentrated near the leak point, increasing the likelihood of life-threatening exposure within a relatively short distance. This difference further underscores the impact of environmental and physical conditions, such as the enclosed space, on the dispersion and accumulation of hazardous substances (Table 3).



The IDLH (Immediately Dangerous to Life or Health) zone in this scenario includes areas where ammonia concentrations exceed critical values, posing an immediate threat to life and health. The mathematical relationship between exposure time (t) and concentration (C) can be described as inversely proportional in life-threatening situations:


  t ∝    1   C     



(4)







This relationship illustrates that as the concentration of ammonia increases, the time available for safe exposure decreases rapidly. Emergency response teams must account for this dynamic when planning evacuations and interventions.



Scheme 2 and Figure 3 show the dispersion patterns of ammonia for Scenario 1.2, with color-coded zones representing varying levels of risk. These visual models clearly demonstrate that, under the conditions of Scenario 1.2, the elevated concentrations necessitate immediate evacuation and the swift deployment of specialised emergency units.



The modelling results for Scenario 1.2 highlight the importance of prompt intervention and evacuation, especially as ammonia concentrations reach hazardous levels. The data presented in Table 3 delineate the ranges of danger zones and their associated risks, illustrating the necessity for precise, timely response strategies in this scenario.



Scheme 2 provides a graphical representation of the ammonia dispersion zones for Scenario 1.2, illustrating concentration levels across the affected areas. Figure 3, showing a geospatial model of hazard zones, employs color-coded areas (red, orange, and yellow) to visually represent the varying levels of risk. The red ERPG-3 zone represents the highest level of danger, while the orange ERPG-2 and yellow ERPG-1 zones indicate progressively lower risks.



The use of Google Earth for visualisation, as depicted in Figure 3, helps emergency planners precisely identify critical areas, enabling them to implement protective measures promptly and efficiently.



Table 4 consolidates data from both Scenario 1.1 and Scenario 1.2, providing an overview of hazard zones. The table includes essential variables, such as wind speed, air temperature, leak duration, and the mass of leaked ammonia, which were key factors in the ALOHA software simulations. These comprehensive data support emergency response teams in tailoring their interventions to the specific conditions of each scenario.




4.1.3. Scenario 2. Pool Fire with Thermal Radiation Hazards


The model for this scenario was meticulously constructed to simulate a pool fire involving ammonia, placing particular emphasis on the resulting thermal radiation and its profound effects on surrounding areas. This simulation incorporated atmospheric conditions, specifically a temperature of t = 20 °C and a wind speed of v = 1 m.s−1, alongside the geographic location (GPS: 49.135727, 20.433323). Critical chemical properties of ammonia, including its molecular weight of 17.03 g.mol−1 and boiling point of −33 °C, were integral to the calculations. By utilising ALOHA 5.4.7 software, danger zones were established based on thermal radiation thresholds, as defined by the Emergency Response Planning Guidelines (ERPG).



Several factors contributed to the potential ignition of ammonia in this scenario, including improper storage conditions, equipment malfunctions, and external heat sources. Such conditions can lead to a pool fire when ammonia vapours come into contact with flames or elevated temperatures, thus creating a significant hazard.



The ALOHA model identified three primary risk zones (ERPG-1, 2, and 3) detailed in Scenario 1.2, each highlighting life-threatening thermal radiation levels.



This scenario highlights the importance of understanding both the thermal radiation risks associated with pool fires and the specific response strategies necessary to manage these unique hazards effectively. The relationship between thermal radiation intensity (q) and distance (r) can be quantitatively described using the inverse square law for radiative heat transfer, as follows:


  q   r   ∝    1     r   2       



(5)







This expression indicates that the intensity of thermal radiation decreases with the square of the distance from the fire, underscoring the necessity for precise calculations to identify safe zones during a fire incident. The creation of this scenario also aimed to prepare for various types of emergency responses. While gas leaks present hazards primarily associated with inhaling toxic substances, fire incidents involve additional risks from thermal radiation and the potential for secondary fires. By simulating Scenario 2, tailored responses to the unique risks posed by each type of emergency can be effectively developed.




4.1.4. Thermal Radiation Intensity and Hazard Zones


In Scenario 2, the analysis emphasises thermal radiation emitted from the pool fire, with each color-coded zone delineating specific levels of thermal radiation intensity, q (measured in kW.m−2), and the associated risk, as follows:




	
ERPG-3 zone defined as q ≥ 10.0 kW.m−2 extends to a distance of 12 m from the fire source, where exposure for 60 s is potentially fatal due to the intense heat.



	
ERPG-2 zone includes radiation levels ranging from 5.0 to 10.0 kW.m−2 and extends up to 17 m from the fire source, where exposure for 60 s can result in second-degree burns.



	
ERPG-1 zone indicates radiation levels between 2.0 and 5.0 kW.m−2, reaching up to 25 m, where exposure may cause pain within 60 s.








The total thermal energy absorbed over time, E, is expressed as:


E = q × t



(6)







This relationship highlights that the severity of thermal effects escalates with prolonged exposure or elevated thermal radiation levels, underscoring the critical need for timely evacuation in hazardous situations.



Scheme 3 illustrates the danger zones for Scenario 2, demonstrating the dispersion patterns of thermal radiation.



Figure 4 provides a vulnerability and risk model for the affected area, showcasing the areas impacted by the ammonia leak (export of data from Scheme 3 to Google Earth for Scenario 2).



The data presented in Table 5 quantify the size and extent of these hazard zones, offering a structured framework for planning effective emergency responses during a pool fire incident.



The parameters for the ammonia leak and resulting pool fire simulation are summarised in Table 6. These parameters are essential for modelling and analysing the risks associated with hazardous substance releases.



These data underscore the significance of utilising accurate, real-time environmental data within the ALOHA software to effectively predict the spread and intensity of hazards during industrial incidents. The simulations clearly demonstrate the critical need for continuous monitoring and adaptable response strategies to manage ammonia leaks in industrial environments proficiently.





4.2. Results of Evacuation Models for Each Scenario


The ALOHA software simulations provided a comprehensive analysis of ammonia leak scenarios, producing color-coded risk zones that showed varying levels of ammonia concentration in the air. These simulations are vital tools in the field of crisis management, enabling planners to develop effective evacuation strategies based on real-time data and predicted hazard distributions. These simulations are critical for determining evacuation zones and planning optimal evacuation routes based on the predicted spread of the hazardous substance. Furthermore, the software offers time-based data, predicting how ammonia concentrations evolve over time, aiding emergency services in effectively planning their responses to critical exposure levels.



In Scenario 1, the simulation revealed key danger zones based on the concentration of ammonia in different areas. The evacuation models were tailored according to these concentrations, with rapid evacuations necessary in ERPG-3 zones, where ammonia concentrations reached 1500 ppm. Within these zones, the population needed to evacuate within 10 min to avoid severe health impacts. In ERPG-2 zones, where concentrations reached 150 ppm, evacuation could be delayed by up to 30 min without risking serious long-term health effects. Such detailed hazard assessment is crucial for informing decision-makers and enhancing community preparedness for potential ammonia leak incidents. These insights emphasise the value of early warnings and accurate modelling in optimising evacuation routes and timing, ensuring minimal exposure to harmful concentrations.



In Figure 5, the evacuation simulation for Scenario 1 is displayed. This figure outlines the primary evacuation directions (represented by red arrows), and the critical buildings marked for evacuation (indicated by yellow pins). The simulation assists emergency planners in identifying areas that must be evacuated to minimise the risk of exposure to hazardous ammonia concentrations.



The data in Table 7 provide specific details about the danger zones for Scenario 1. In ERPG-3, where ammonia concentrations reached 1500 ppm, the zone extended 110 m from the source. This zone represents the most dangerous area where exposure can cause serious health effects. The ERPG-2 zone extended to 362 m with concentrations of 150 ppm, presenting a serious health risk. Finally, ERPG-1, the least severe zone, spanned 895 m with concentrations of 25 ppm, where health risks are lower but still present.



Figure 6 presents the driving route for rescue services in Scenario 1, as modelled in ALOHA. This figure is crucial for planning the approach of rescue teams, optimising their routes to avoid exposure to hazardous substances. The red triangle marks the location of the fire and rescue units, with blue arrows indicating their route to the scene. Yellow pins mark important structures, including schools and medical centres, requiring immediate evacuation.



Under Scenario 2, the rescue route was designed to minimise exposure to thermal radiation from a pool fire of a hazardous substance. Figure 7 illustrates this rescue route, which takes into account the need to avoid the most dangerous zones while allowing rapid access for emergency teams. The blue arrows indicate the optimal path for rescue units, while the critical areas for intervention are marked with relevant hazard zone data.



Table 8 provides specific data for the danger zones in Scenario 2, focusing on the intensity of thermal radiation. In the ERPG-3 zone (10.0 kW.m−2), the zone extended 12 m from the fire source and presented a potentially fatal risk within 60 s. The ERPG-2 zone (5.0 kW.m−2) extended 17 m and could cause second-degree burns within 60 s. The ERPG-1 zone (2.0 kW.m−2) extended 25 m, where exposure would result in pain within 60 s.



The presented ammonia leak model for Scenario 1, combined with the pool fire risk in Scenario 2, emphasised the importance of precise evacuation planning and timely deployment of rescue services. The implications of these findings extend beyond theoretical modelling, offering practical insights for emergency response units tasked with safeguarding public health and safety. The model outputs, combined with real-time environmental data, enable rescue units to minimise exposure risks while ensuring efficient intervention strategies in hazardous situations. Ultimately, the integration of real-time environmental data with advanced modelling techniques fosters a more resilient approach to industrial safety management.





5. ALOHA Software, Strengths, Limitations, and Need for Improvements


Following the analysis presented in the Section 4, it is essential to delve deeper into the evaluation of ALOHA software within the broader landscape of risk assessment tools for industrial safety management. ALOHA (Areal Locations of Hazardous Atmospheres) is widely used for modelling hazardous material releases, with a particular focus on ammonia. However, while the software demonstrates strengths in specific operational contexts, its limitations and the potential for technological advancements warrant further examination.



5.1. Strengths of ALOHA Software


ALOHA has proven effective in short-term incident modelling, particularly for scenarios where rapid response is critical. Its user-friendly interface enables emergency responders to quickly input environmental variables and chemical properties to predict gas dispersion and the extent of hazard zones. In the case study of Son et al. (2024), ALOHA was used to model ammonia leakage at the Duyen Hai 2 Thermal Power Plant, confirming its ability to handle varying meteorological conditions while identifying critical zones for human and environmental safety [15,17,18].




5.2. Limitations of ALOHA Software


While ALOHA’s short-term predictions are a major strength, the software is less effective for long-term risk assessments or situations where conditions change rapidly. For instance, the reliance on static input variables limits ALOHA’s ability to dynamically adjust to real-time environmental changes. This shortcoming is highlighted in the Anik et al. (2024) study, which simulated toxic gas releases and emphasised the need for real-time data integration to improve the prediction accuracy during evolving emergencies [19,20]. The lack of such functionality in ALOHA constrains its effectiveness in complex industrial settings where the nature of the hazard can change rapidly.



In addition, Onelcin and Mutlu (2013) compared ALOHA with another simulation tool during a chemical accident in Aliaga, Turkey, and found that while ALOHA was useful for initial predictions, its limited capacity to handle long-term evacuation planning and dynamic updates could hinder its application in larger, ongoing incidents. The authors demonstrated that combining ALOHA with a more comprehensive simulation tool would provide a better overview of risk management for extended crises [21,22,23]. Similarly, Pintarič (2007) emphasized the importance of robust consequence assessments in scenarios involving hazardous substances, highlighting the need for tools capable of addressing long-term risk factors in complex environments [24].



The study by Lee et al. (2018) further emphasised these limitations by comparing ALOHA with other risk assessment tools used in South Korea for hazardous chemical management. While ALOHA excelled in short-term incident scenarios, its ability to manage longer-term risk assessments was outperformed by alternative software solutions that could incorporate more complex, quantitative analyses [15,24].




5.3. Opportunities for Technological Enhancements


The opportunities for improving ALOHA lie primarily in integrating it with modern technologies, such as AI, GIS, and drones, to enhance its real-time capabilities. Drones, for example, could collect atmospheric and environmental data from an affected area, feeding these data into ALOHA to refine predictions on the spread of hazardous chemicals. The use of Artificial Intelligence (AI) would further improve ALOHA’s ability to process large volumes of data and adjust simulations dynamically. The study by Anik et al. (2024) emphasised that integrating ALOHA with real-time atmospheric data would significantly improve its predictive power and response accuracy during emergencies [20,25].



Furthermore, the research by Polorecka et al. (2021) supports the idea of integrating AI and GIS systems into ALOHA to enhance its accuracy in complex terrain, particularly where diverse geographical factors could influence the spread of hazardous materials. Such integration would address ALOHA’s current limitations in dynamic real-time hazard modelling, providing a more adaptive approach to emergency management [17,26].



Finally, combining ALOHA with tools such as PHAST, which excels in quantitative risk assessments (QRA), could improve the overall framework for long-term risk analysis. ALOHA’s quick, real-time predictions could be complemented by PHAST’s ability to analyse chemical behaviours and scenario planning, creating a more comprehensive system for managing industrial hazards over both short- and long-term periods [22,27].




5.4. Comparison with the Present Study


This research aligns with many of these findings, particularly in its use of ALOHA for emergency response planning. As demonstrated in the study by Onelcin and Mutlu (2013), ALOHA is highly effective for initial hazard prediction and evacuation planning. However, this work also highlights the need for technological improvements, such as real-time data integration, which could significantly enhance ALOHA’s adaptability in dynamic industrial environments. This is in line with the conclusions from Anik et al. (2024), where the authors argued that improving ALOHA’s real-time data-processing capabilities would lead to more accurate risk assessments during rapidly changing conditions [20,23].



Additionally, the focus in this study on evacuation modelling complements the findings of Onelcin and Mutlu (2013), which underscore the importance of ALOHA in planning effective evacuation strategies during chemical accidents. The integration of drones and AI into ALOHA, as proposed in this study, could enhance the system’s ability to provide accurate, real-time predictions, improving evacuation efficiency and overall crisis management [15,23].





6. Discussion


The findings from this study confirmed the critical role of ALOHA in modelling hazardous substance releases and its application to emergency management strategies. Through detailed scenario analysis, ALOHA demonstrated its ability to predict the spread of ammonia in Scenario 1 and the thermal radiation risks posed by a pool fire in Scenario 2. The precise mapping of danger zones—ERPG-3 (C ≥ 1500 ppm), ERPG-2 (C ≥ 150 ppm), and ERPG-1 (C ≥ 25 ppm)—proved vital in informing evacuation protocols and protective measures. The accurate identification of these zones underscores ALOHA’s strength in assessing immediate risks, particularly in industrial settings where timely intervention is crucial [19,27,28].



Scenario 2 highlighted ALOHA’s capability to model fire hazards, focusing on the effects of thermal radiation. The results delineated the most dangerous areas based on thermal radiation intensity, showing how evacuation routes and rescue interventions can be optimised to minimise exposure risks. The thermal radiation danger zones—ERPG-3 (q ≥ 10.0 kW.m−2), ERPG-2 (5.0 kW.m−2), and ERPG-1 (2.0 kW.m−2)—provided clear guidance for the deployment of protective measures, ensuring safety in areas where heat could cause fatal injuries or burns within a short exposure time [21,24,29,30].



Despite its effectiveness, the study revealed several opportunities for enhancing ALOHA’s performance. One key area for improvement is the expansion of ALOHA’s chemical database, which would allow for more comprehensive risk assessments across a broader range of substances and scenarios. By extending the database, users could model a wider variety of industrial chemicals, thereby improving emergency preparedness across multiple sectors [19,25,31]. This would also make ALOHA more versatile and applicable in diverse settings where different hazardous materials are in use [21,27,28].



The integration of modern technologies, such as Geographic Information Systems (GIS), Artificial Intelligence (AI), and drones, represents another significant opportunity for enhancing ALOHA’s capabilities. GIS could provide real-time mapping of danger zones, enabling more dynamic visualisation and improved decision-making during emergencies. Combining GIS with ALOHA’s predictive models would allow responders to update evacuation routes and risk zones in real time, based on continuously changing environmental conditions [13,17,31].



Furthermore, AI could improve the accuracy of ALOHA’s predictions by enabling real-time analysis of incoming data. By leveraging AI algorithms, ALOHA could continuously refine its hazard models as new environmental data—such as wind speed and temperature—become available, ensuring more adaptive and precise emergency responses [22,32]. Drones equipped with chemical sensors could further enhance real-time data collection, providing critical information from hazardous zones that would be otherwise difficult to access. This would allow ALOHA to incorporate real-time data into its simulations, increasing the accuracy of risk assessments and offering a more comprehensive view of the evolving situation [17,31].



However, ALOHA’s reliance on static input data, such as pre-configured meteorological conditions, remains a limitation, particularly in dynamic scenarios where environmental factors can change rapidly. Integrating real-time weather data, as well as more advanced monitoring systems, would significantly improve the reliability of ALOHA’s predictions. This would reduce the uncertainty in emergency scenarios where quick decision-making is essential to protect public health and infrastructure [21,29,31].



Additionally, comparisons with other risk assessment tools, such as PHAST or SAFER, could provide further insights into ALOHA’s strengths and areas for improvement. While ALOHA excels in modelling atmospheric dispersion and fire hazards, other tools may offer features that could complement ALOHA’s capabilities, such as real-time incident monitoring or a broader chemical database. A thorough comparison would help to better contextualise ALOHA’s utility and identify where future improvements could enhance its performance across different emergency scenarios [19,30,32].



In conclusion, ALOHA remains a powerful tool for modelling hazardous substance releases, offering precise predictions that are crucial for planning evacuations and minimising exposure risks. While the software is highly effective in its current form, the integration of new technologies and an expanded chemical database would further enhance its applicability and accuracy. These advancements would make ALOHA even more valuable in the increasingly complex landscape of industrial safety and crisis management [17,33,34].




7. Conclusions


This study provided models of three scenarios created using ALOHA software. Each of these scenarios differed in the type of hazard being simulated and the conditions under which the hazardous substance was leaked, or a fire occurred.



Scenario 1.1 modelled a situation in which an ammonia leak occurred under stable atmospheric conditions, which are usually prevalent in the summer months. This scenario focused on the spread of ammonia in the air and identified danger zones with concentrations defined by ERPG-1, ERPG-2, and ERPG-3. The simulation results were transferred to Google Earth, which enabled the visualisation of danger zones in a real environment.



Scenario 1.2 was also modelled under similar atmospheric conditions as Scenario 1.1, but it focused on specific concentrations of ammonia that can have immediate fatal consequences. In this scenario, zones with concentrations of 4300 ppm and 2160 ppm were marked, with the IDLH zone being the most dangerous. The scenario highlighted the risk of dying within minutes in the 4300 ppm zone, and the life-threatening risk of thirty minutes of exposure in the 2160 ppm zone.



Scenario 2 differed from the previous ones in that it simulated a pool fire in a hazardous substance, focusing on thermal radiation. This scenario showed danger zones caused by thermal radiation, while also using Google Earth to visualise these zones in a real-world environment.



For Scenarios 1 and 2, the routes of the rescue services were simulated using ALOHA. These simulations were used to plan and optimise interventions in the event of a leak of hazardous substances, namely, ammonia, and in the event of a fire.



For Scenario 1, the emergency services’ driving route was designed to enable a quick and efficient response, taking into account critical buildings that needed to be evacuated, such as schools and medical centres. The simulation also considered danger zones based on ammonia concentrations.



In Scenario 2, a situation with a pool fire of a hazardous substance was simulated. The route of the rescue services was planned in such a way as to minimise exposure to thermal radiation and enable safe and effective intervention in the affected areas. The route also took into account weather conditions and wind direction to avoid hitting zones with high heat radiation.



Each of these scenarios focused on different aspects of the hazard and provided different perspectives on the possible risks associated with a leak or fire of a hazardous substance.



In conclusion, the future of ALOHA software will depend on its ability to constantly innovate and adapt to the changing needs of its users. In order for ALOHA software to remain relevant and effective in crisis management, development teams will need to invest in improving the software’s features, integrating new technologies, such as advanced simulations or Artificial Intelligence, and expanding its compatibility with modern data collection and analysis tools. Such steps will enable ALOHA to keep up with technological trends and increasing demands for accuracy and reliability in the field of emergency management.
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Figure 1. Process Flow for Managing Hazardous Substance Leaks in Industrial Accidents. 
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Figure 2. A model determining vulnerability and risks for the affected area, due to the NH3 leak (export of data from Scheme 1 to Google Earth for Scenario 1.1). 
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Scheme 1. ALOHA, danger zones for Scenario 1.1. Note: The colour scheme identifies hazard zones with yellow for ERPG-1 (low risk), orange for ERPG-2 (moderate risk), and red for ERPG-3 (high risk), showing the spatial distribution of ammonia concentration levels and corresponding risk levels. 






Scheme 1. ALOHA, danger zones for Scenario 1.1. Note: The colour scheme identifies hazard zones with yellow for ERPG-1 (low risk), orange for ERPG-2 (moderate risk), and red for ERPG-3 (high risk), showing the spatial distribution of ammonia concentration levels and corresponding risk levels.
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Scheme 2. ALOHA, danger zones for Scenario 1.2. Note: The colour scheme identifies hazard zones with yellow for ERPG-1 (low risk), orange for ERPG-2 (moderate risk), and red for ERPG-3 (high risk), showing the spatial distribution of ammonia concentration levels and corresponding risk levels. 






Scheme 2. ALOHA, danger zones for Scenario 1.2. Note: The colour scheme identifies hazard zones with yellow for ERPG-1 (low risk), orange for ERPG-2 (moderate risk), and red for ERPG-3 (high risk), showing the spatial distribution of ammonia concentration levels and corresponding risk levels.
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Figure 3. A model determining vulnerability and risks for the endangered area, due to the NH3 leak (export of data from Scheme 2 to Google Earth for Scenario 1.2). 
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Figure 4. Vulnerability and risk model for the affected area, due to the NH3 leak (export of data from Scheme 3 to Google Earth for Scenario 2). 
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Scheme 3. ALOHA, danger zones for Scenario 2. Note: The colour scheme identifies hazard zones with yellow for ERPG-1 (low risk), orange for ERPG-2 (moderate risk), and red for ERPG-3 (high risk), showing the spatial distribution of ammonia concentration levels and corresponding risk levels. 






Scheme 3. ALOHA, danger zones for Scenario 2. Note: The colour scheme identifies hazard zones with yellow for ERPG-1 (low risk), orange for ERPG-2 (moderate risk), and red for ERPG-3 (high risk), showing the spatial distribution of ammonia concentration levels and corresponding risk levels.
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Figure 5. Model showing an evacuation simulation for Scenario 1. 
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Figure 6. Model showing the route of the emergency services for Scenario 1. 
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Figure 7. Model showing the route of the rescue services for Scenario 2. 
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Table 1. Information system for warning and notification in the event of an extraordinary event (accident) associated with NH3 leakage.
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	H1 Level
	H2 Level
	H3 Level





	Ammonia

Concentration
	40 mg.m−3

(60 ppm)
	80 mg.m−3

(120 ppm)
	Above 120 mg.m−3

(exceeds H2 level)



	System Status
	At least one sensor recorded an ammonia concentration of C ≥ H1
	At least one sensor recorded an ammonia concentration of C ≥ H2
	Emergency state triggered by sensors



	Signal
	Optical signal activated; light beacon and fans started; notification of operating personnel (machinist and cooling plant manager)
	As with H1, plus acoustic signal (horn); automatic shutdown of compressors; notification of personnel (machinist and cooling plant manager)
	Continuous alarm; immediate evacuation initiated; contact emergency services



	Response

Actions
	Implement initial ventilation protocols to disperse ammonia;

assess need for evacuation based on proximity to the leak;

monitor air quality for ammonia levels; provide personal protective equipment (PPE) for personnel
	Immediate evacuation of personnel from the affected area; initiate emergency response procedures, including contacting emergency services; provide medical assistance for potential exposure; monitor for symptoms; conduct a roll call to account for all personnel
	Immediate evacuation and shelter-in-place procedures for nearby residents; deployment of hazardous materials response team with specialised training;

medical triage for exposed individuals; conduct atmospheric monitoring to assess ongoing risks; establish a secure perimeter to prevent unauthorised access and ensure public safety



	Duration

of Signalling
	For the entire duration of the defined state
	For the entire duration of the defined state
	Until emergency services declare the area safe










 





Table 2. Danger zones for the NH3 leak scenario at the skating arena, Scenario 1.1.
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	Danger Zone
	Concentration Level (ppm)
	Equivalent Concentration (mg.m−3)
	Range (m)





	ERPG-3
	1500
	1044.791
	110



	ERPG-2
	150
	104.479
	362



	ERPG-1
	25
	17.413
	895







Note: Colour coding used for hazard zones—yellow (ERPG-1, low risk), orange (ERPG-2, moderate risk), and red (ERPG-3, high risk), reflects increasing levels of risk due to ammonia concentration.













 





Table 3. Danger zones for the NH3 leak scenario at the skating arena, Scenario 1.2.
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	Danger Zone
	Concentration Level (ppm)
	Equivalent Concentration (mg.m−3)
	Range (m)





	ERPG-3
	4300
	2995.066
	60



	ERPG-2
	2160
	1504.498
	89



	ERPG-1
	300
	208.958
	254







Note: Colour coding used for hazard zones—yellow (ERPG-1, low risk), orange (ERPG-2, moderate risk), and red (ERPG-3, high risk), reflects increasing levels of risk due to ammonia concentration.













 





Table 4. Data, ALOHA software, Scenarios 1.1 and 1.2.
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Location Data




	
Location

	
Slovakia, GPS: 49.135727, 20.433323




	
Chemical data

	




	
Name of the substance

	
Ammonia (NH3)




	
Molecular weight

	
17.03 g.mol−1




	
Boiling Point at Normal Atmospheric Pressure

	
°C




	
Saturated concentration in the normal atmosphere

	
1003 ppm or 100%




	
Atmospheric data

	




	
Wind

	
1 m.s−1 from the northeast at a height of 3 metres




	
Roughness of the terrain

	
City or forest




	
Cloudiness

	
5 tenths




	
Air temperature

	
25 °C




	
Stability class

	
C




	
Relative humidity

	
50%




	
The power of the source

	




	
Leak

	
From the opening in the horizontal direction, from the cylindrical tank




	
Flammable chemical

	
Leaking from the tank (not burning)




	
Tank diameter

	
1 m




	
Tank volume

	
4 m




	
The tank contains

	
3142 L




	
Internal temperature

	
−40 °C




	
Mass of the chemical in the tank

	
1500 kg




	
Tank fill level

	
69%




	
Diameter of round hole

	
5 cm




	
The hole is at a distance

	
20 cm from the bottom of the tank




	
Type of terrain

	
Concrete




	
Soil temperature

	
Same as the surrounding




	
Duration of leakage

	
28 min




	
Maximum Average Sustainable Leak Rate

	
56 kg.min−1




	
Total amount of spilled substance

	
1200











 





Table 5. Thermal radiation from a pool fire.






Table 5. Thermal radiation from a pool fire.





	Danger Zones
	Thermal Radiation (kW.m−2)
	Size and Range of Zones (m)
	Consequences





	ERPG-3
	10.0
	12
	Potentially fatal within 60 s



	ERPG-2
	5.0
	17
	2nd degree burns within 60 s



	ERPG-1
	2.0
	25
	Pain within 60 s







Note: Colour coding used for hazard zones—yellow (ERPG-1, low risk), orange (ERPG-2, moderate risk), and red (ERPG-3, high risk), reflects increasing levels of risk due to ammonia concentration.













 





Table 6. Data, ALOHA software, Scenario 2.






Table 6. Data, ALOHA software, Scenario 2.





	
Location Data




	
Location

	
Slovakia, GPS: 49.135727, 20.433323




	
Chemical data

	




	
Name of the substance

	
Ammonia (NH3)




	
Molecular weight

	
17.03 g.mol−1




	
Boiling Point at Normal Atmospheric Pressure

	
34.9 °C




	
Saturated concentration in the normal atmosphere

	
1003 ppm or 100%




	
Atmospheric data

	




	
Wind

	
1 m.s−1 from the northeast at a height of 3 metres




	
Roughness of the terrain

	
City or forest




	
Cloudiness

	
5 tenths




	
Air temperature

	
20 °C




	
Stability class

	
B




	
Relative humidity

	
50%




	
The power of the source

	




	
Leak

	
From the opening in the horizontal direction, from the cylindrical tank




	
Flammable chemical

	
Leaking from the tank (not burning)




	
Tank diameter

	
1 m




	
Tank volume

	
4 m




	
The tank contains

	
3142 L




	
Internal temperature

	
−40 °C




	
Mass of the chemical in the tank

	
1500 kg




	
Tank fill level

	
69%




	
Diameter of round hole

	
10 cm




	
The hole is at a distance

	
20 cm from the bottom of the tank




	
Maximum flame length

	
8 m




	
Duration of burning

	
11 min




	
Maximum Burning Rate

	
174 kg.min−1




	
The pool expanded to the diameter

	
16.7 m




	
Total amount of spilled substance

	
1200 kg











 





Table 7. Danger zones for Scenario 1.






Table 7. Danger zones for Scenario 1.





	Danger Zone
	Concentration (ppm)
	Equivalent Concentration (mg.m−3)
	Range (m)





	ERPG-3
	1500
	1044.791
	110



	ERPG-2
	150
	104.479
	362



	ERPG-1
	25
	17.413
	895



	IDLH
	300
	208.958
	254







Note: The colour coding used for hazard zones, with yellow for ERPG-1 (low risk), orange for ERPG-2 (moderate risk), red for ERPG-3 (high risk), and purple for IDLH (immediately dangerous to life and health), reflects increasing levels of risk due to ammonia concentration.













 





Table 8. Danger zones for Scenario 2.






Table 8. Danger zones for Scenario 2.





	Danger Zone
	Thermal Radiation (kW.m−2)
	Size and Range (m)
	Consequences





	ERPG-3
	10.0
	12
	Potentially fatal within 60 s



	ERPG-2
	5.0
	17
	2nd degree burns within 60 s



	ERPG-1
	2.0
	25
	Pain within 60 s







Note: Colour coding used for hazard zones—yellow (ERPG-1, low risk), orange (ERPG-2, moderate risk), and red (ERPG-3, high risk), reflects increasing levels of risk due to ammonia concentration.
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