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Abstract 
 

 

 

The use of electric vehicles (EV) and hydrogen vehicles as eco-friendly substitutes for conventional 

combustion engines has been increasing in recent years which calls for better understanding of the 

risks associated with their interaction with existing infrastructure, especially in enclosed spaces like 

car parks. This thesis investigates the interaction of ventilation systems with the flammable and toxic 

gases released from electric vehicle batteries and leaks from hydrogen vehicle tanks in enclosed car 

parks. The thesis focuses on varying ventilation configurations to produce flow patterns to analyse 

changes in toxicity and flammability. 

 

A comprehensive literature review about the latest advancement in battery technology and 

hydrogen fuel cells is performed with some critical analysis of EV fire toxicity and species 

production. A combination of Fire Dynamics Simulator (FDS) and Flame Acceleration Simulator 

(FLACS) was used to model EV fires, hydrogen leaks and analyse the behaviour of flammable gases 

emitted during both flaming and non-flaming thermal runaway.  

 

Upon investigation, comparable behaviour was observed for single Internal Combustion Engines 

(ICE) and EV fires in terms of total heat released and existing design fire curves were conservative 

to account for this fire. But when factoring in the fire spread; the existing regulations may not be 

sufficient to aid intervention by emergency personnel. It was also revealed that EVs do not 

significantly increase toxic gas emissions, except for a delayed rise in hydrogen fluoride levels post-

evacuation and that presence of modern-day plastics has also increased the toxicity of vehicle fire. 

 

Dispersion and explosion modelling conclusively point to the fact that ventilation with recirculation 

zones produced conditions that increase the flammable volume of the vent gases and results in higher 

overpressure when ignited. The explosions were also replicated using congestion to understand blast 

wave propagation in a crowded car park and estimate the consequence due to explosions.   
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Abstract (Malayalam) 

കൺവെൻഷണൽ കംബഷൻ എഞ്ചിനുകൾക്്ക പകരമായി ഇലക്്രിക് ൊഹനങ്ങൾ (EV) ഉം 

ഹഹ്രജൻ ൊഹനങ്ങൾ ഉം പരിസ്ഥിതി സൗഹൃദമായ ബദലുകളായി ഉപയയാഗിക്കുന്നതിൽ 

കഴിഞ്ഞ കുറച്്ച െർഷങ്ങളിലായി െർദ്ധനെ് കാണുന്നുണ്്ട, ഇത് കാർ പാർക്കുകൾ യപാലുള്ള 

അരച്ചിട്ട സ്ഥലങ്ങളിൽ നിലെിവല സ്ഥാപനങ്ങളുമായുള്ള ഇരപഴകൽ അനുബന്ധമായ 

റിസ്കു കൾ മനസ്സിലാക്കുന്നതിന് കാരണമായി. ഈ ്പബന്ധത്തിൽ, ഇലക്്രിക് ൊഹന 

ബാറ്ററികളിൽ നിന്നും ഹഹ്രജൻ ൊഹന രാങ്കുകളിൽ നിന്നുള്ള യ ാർച്ചകളിൽ നിന്്ന 

െിട്ടുയപാകുന്ന ്ദെിക്കാത്തതും െിഷാംശമുള്ളതുമായ ൊതകങ്ങളുവര സംെഹന 

സിസ്റ്റങ്ങളുമായുള്ള ഇരപഴകലിവന പഠിക്കുന്നു. െിഷാംശതയിലും 

കത്തിപ്പുണ്ടാക്കാെുന്നതിലും ഉണ്ടാകുന്ന മാറ്റങ്ങവള െിശകലനം വ യ്യാൻ െയതയസ്ത 

വെന്റിയലഷൻ യകാൺഫിഗയറഷനുകളിൽ ്ശദ്ധ യക്രീകരിക്കുന്നു. 

ഈ പഠനത്തിൽ, ബാറ്ററി വരക്യനാളജിയിലും ഹഹ്രജൻ ഫയൂൽ വസല്ലുകളിലുമുള്ള ഏറ്റെും 

പുതിയ മുയന്നറ്റങ്ങവളക്കുറിച്ചുള്ള ഒരു സമ്ഗമായ സാഹിതയ പഠനം നരത്തവപ്പട്ടു, ഇതിൽ EV 

ഫയർ െിഷാംശതയും സ്പീഷീസ് ഉത്പാദനെും കുറിച്ചുള്ള  ില െിമർശനാത്മക 

െിശകലനങ്ങളും വ യ്തു. ഇെി തീവപ്പാരികവളയും ഹഹ്രജൻ യ ാർച്ചകവളയും യമാരൽ 

വ യ്യാൻ, തീവപ്പാരിയും യനാൺ-തീവപ്പാരിയും വതർമൽ റൺഅയെയ്ക്്ക സമയത്്ത ഉദവമനം 

വ യ്യുന്ന ്ദെിക്കാത്ത ൊതകങ്ങളുവര വപരുമാറ്റം െിശകലനം വ യ്യാൻ ഫയർ ഹരനാമിക്സ ്

സിമുയലറ്റർ (FDS) ഉം വെയിം അക്സിലയറഷൻ സിമുയലറ്റർ (FLACS) ഉം ഉപയയാഗിച്ചു. 

അയനവഷണത്തിൽ, ഒറ്റ ആഭ്യന്തര കംബഷൻ എഞ്ചിനുകൾ (ICE) ഉം EV ഫയറുകൾ തമ്മിലുള്ള 

സമാനമായ വപരുമാറ്റം പരിയശാധിക്കവപ്പട്ടു, വമാത്തം  ൂര് െിയമാ നത്തിന്വറ കാരയത്തിലും 

നിലെിലുള്ള രിഹസൻ ഫയർ കർെുകൾ ഈ തീവയ പരിഗണിച്്ച കൺസർയെറ്റീെ് 

ആയിരുന്നു. എന്നാൽ തീവപ്പാരി െയാപനം പരിഗണിച്ചയപ്പാൾ, അരിയന്തിര െയക്തികൾക്്ക 

ഇരവപരൽ സഹായിക്കാൻ നിലെിലുള്ള നിയമങ്ങൾ പരയാപ്തമല്ലായിരിക്കാം. പിന്നീര് 

ഒഴിപ്പിക്കൽ യശഷം ഹഹ്രജൻ െൂഹറര് (HF) നിലകൾ ്കയമണ െർദ്ധിക്കുന്നത് ഒഴിവക 

EVകൾ െിഷാംശ ൊതക ഉദവമനങ്ങൾ ഗണയമായി െർദ്ധിപ്പിക്കുന്നില്ല, യമായരൺ കാലവത്ത 

പ്ലാസ്റ്റിക്കുകൾ ൊഹന തീയുവര െിഷാംശത കൂട്ടുന്നുണ്്ട - BEV അവല്ലങ്കിൽ ICE എന്ന നിലക്്ക 

യനാക്കാവത. 

െിഷാംശ െയാപനെും സ്യഫാരന യമാരലിംഗും സമ്മർദ്ദം െർദ്ധിപ്പിക്കുന്ന അെസ്ഥകവള 

ഉൽപാദിപ്പിക്കാൻ റീസർക്കുയലഷൻ പായറ്റൺസുകൾ അവല്ലങ്കിൽ യസാണുകളുള്ള 

വെന്റിയലഷൻ സമ്മർദ്ദം െർദ്ധിപ്പിക്കുന്ന തീവപ്പാരിയുള്ള ൊതക അളെുകൾ 

െർദ്ധിപ്പിക്കുന്നു എന്നും ഇെ തീക്കുള്ളിക്കുയപാൾ ഉയർന്ന ഓെർ്പഷർ ഫലമാകുന്നു എന്നും 

വതളിയിച്ചു. കൂരാവത, ഒരു തിരയക്കറിയ കാർ പാർക്കിൽ ബ്ലാസ്്റ്റ തരംഗം ്പ ാരണം 

മനസ്സിലാക്കാൻ യകാൺജഷനുപയയാഗിച്്ച സ്യഫാരനങ്ങളും അനുകരിച്ചു. 
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Resum 
 

L'ús de vehicles elèctrics (VE) i de vehicles d'hidrogen com a substituts ecològics dels motors de 

combustió convencionals ha estat augmentant en els darrers anys, la qual cosa requereix una millor 

comprensió dels riscos associats amb la seva interacció amb la infraestructura existent, especialment 

en espais tancats com els aparcaments. Aquesta tesi investiga la interacció dels sistemes de ventilació 

amb els gasos inflamables i tòxics alliberats de les bateries dels vehicles elèctrics i les fugides dels 

dipòsits de vehicles d'hidrogen en aparcaments tancats. La tesi es centra en variar les configuracions 

de ventilació per produir patrons de flux i analitzar canvis en la toxicitat i la inflamabilitat. 

 

S’ha dut a terme una revisió exhaustiva de la literatura sobre els últims avenços en tecnologia de 

bateries i piles de combustible d'hidrogen, amb una anàlisi crítica de la toxicitat del foc dels vehicles 

elèctrics i la producció d'espècies. S’ha utilitzat una combinació del Fire Dynamics Simulator (FDS) i el 

Flame Acceleration Simulator (FLACS) per modelar incendis de vehicles elèctrics, fuites d'hidrogen i 

analitzar el comportament dels gasos inflamables emesos quan la bateria entra en descontrol tèrmic, 

tant amb presència de flames com sense. 

 

La recerca mostra un comportament comparable per a incendis en vehicles de Combustió Interna (VCI) 

i de VE pel què fa a la calor total alliberada i que les corbes de foc de disseny existents son 

conservadores per tenir en compte aquest tipus d’incendi. Nogensmenys, en considerar la propagació 

del foc; les normatives existents podrien no ser suficients per ajudar en la intervenció del personal 

d'emergència. També s’ha vist que els VE no augmenten significativament les emissions de gasos 

tòxics, excepte per un augment retardat en els nivells de fluorur d'hidrogen, que tindria lloc després 

de l'evacuació, i que en general la presència de plàstics també ha fet augmentar la toxicitat del foc dels 

vehicles actuals. 

 

La modelització de dispersió i explosió apunta de manera conclusiva al fet que la ventilació amb zones 

de recirculació produeix condicions que augmenten el volum inflamable dels gasos emesos durant el 

descontrol tèrmic i resulta en una major sobrepressió quan s'encenen. Les explosions també s’han 

reproduït utilitzant una major congestió per entendre la propagació de l'ona expansiva en un 

aparcament ple i estimar-ne les seves conseqüències.  
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Resumen 

 

El uso de vehículos eléctricos (VE) e hidrógeno como sustitutos ecológicos de los motores de 

combustión convencionales ha estado aumentando en los últimos años, lo que requiere una mejor 

comprensión de los riesgos asociados con su interacción con la infraestructura existente, 

especialmente en espacios cerrados como estacionamientos. Esta tesis investiga la interacción de los 

sistemas de ventilación con los gases inflamables y tóxicos liberados de las baterías de vehículos 

eléctricos y las fugas de los tanques de vehículos de hidrógeno en estacionamientos cerrados. La tesis 

se centra en variar las configuraciones de ventilación para producir patrones de flujo y analizar cambios 

en la toxicidad y la inflamabilidad. 

Se realizó una revisión exhaustiva de la literatura sobre los últimos avances en tecnología de baterías 

y células de combustible de hidrógeno, con un análisis crítico de la toxicidad del fuego de VE y la 

producción de especies. Se ha utilizado una combinación del Fire Dynamics Simulator (FDS) y el Flame 

Acceleration Simulator (FLACS) para modelar incendios de vehículos eléctricos, fugas de hidrógeno y 

analizar el comportamiento de los gases inflamables emitidos cuando la batería entra en descontrol 

térmico, tanto con presencia de llamas como sin ellas. 

Tras la investigación, se observó un comportamiento comparable para incendios individuales de 

vehículos de Combustión Interna (VCI) y de VE en términos de calor total liberado y las curvas de fuego 

de diseño existentes eran conservadoras para tener en cuenta este fuego. Pero al considerar la 

propagación del fuego; las normativas existentes pueden no ser suficientes para ayudar en la 

intervención del personal de emergencia. También se reveló que los VE no aumentan 

significativamente las emisiones de gases tóxicos, excepto por un aumento retardado en los niveles de 

fluoruro de hidrógeno después de la evacuación y que la presencia de plásticos modernos también ha 

aumentado la toxicidad asociada a los incendios de vehículos. 

La modelización de dispersión y explosión apunta concluyentemente al hecho de que la ventilación 

con zonas de recirculación produce condiciones que aumentan el volumen inflamable de los gases de 

emitidos y resulta en una mayor sobrepresión cuando se encienden. Las explosiones también se 

replicaron usando la congestión para entender la propagación de la onda expansiva en un 

estacionamiento abarrotado y estimar las consecuencias de las mismas. 
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Glossary  
 
Acronym 
 
EU European Union  

ICE Internal Combustion Engine  

BEV Battery operated Electric Vehicle 

VCE Vapour Cloud Explosion  

HFCEV Hydrogen fuel cell powered electric vehicle 

LIB Lithium-Ion battery  

SIB Sodium-Ion battery  

PHEV Plug in hybrid electric vehicle  

EV Electric vehicle  

FCEV Fuel cell powered electric vehicle  

OEM Original Equipment Manufacturer  

IEA International Energy Agency  

LCO Lithium Cobalt Oxide 

LMO Lithium Manganese Oxide 

LFP Lithium Iron Phosphate 

NMC Lithium Nickel Manganese Cobalt Oxide 

NCA Lithium Nickel Cobalt Aluminium Oxide 

LTO Lithium Titanate Oxide 

SEI Solid Electrolyte Interface 

EFCV Excess Flow Control Valve 

PEM Polymer Electrolyte Membrane 

AFC Alkaline Fuel Cell 

PAFC Phosphoric Acid Fuel Cell 

MCFC Molten Carbonate Fuel Cell 

SOFC Solid Oxide Fuel Cell 

PRV Pressure Regulating Valve 

IDLH Immediately Dangerous to Life and Health 

NIOSH National Institute for Occupational Safety and Health 

AEGL Acute Exposure Guideline Levels 

FED Fractional Effective Dose  

SOC State Of Charge  

RISE Research Institutes of Sweden AB 

INERIS The French National Institute for Industrial Environment and Risks 

LFL  Lower Flammability Limit  

UFL  Upper Flammability Limit  

CAFT Critical Adiabatic Flame Temperature  

SAE Society of Automobile Engineers  

FDS Fire Dynamic Simulator  

FLACS Flame Acceleration Simulator  

CFD Computational Fluid Dynamics  
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NIST National Institute of Standards and Technology 

GUI Graphical User Interface 

CFL Courant–Friedrichs–Lewy 

DNS Direct Numerical Simulation  

LES Large Eddy Simulation  

VLES Very Large Eddy Simulation  

RANS Reynolds Averaged Navier Stokes  

LOS Level Of Service  

PAH Polycyclic Aromatic Hydrocarbons  

HRR Heat Release 

PHRR Peak Heat Release Rate 

THR Total Heat Release 

NSE Navier Stokes Equation 
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1 Introduction and Objectives 

The escalating peril of climate change poses a substantial risk to humanity, with a notable portion 

of the rising global temperature attributed to vehicle emissions. Automobiles and commercial 

vehicles collectively account for over 20% of the overall greenhouse gas emissions. The Paris 

Accords aim to mitigate this issue and reduce greenhouse gas emissions. 

According to this agreement, there has been a major and disruptive change in the automotive 

industry, where the European Union (EU) has taken the lead in significantly reducing the number 

of internal combustion engine (ICE) vehicles on the roads and replace them with cleaner battery-

operated electric vehicles (BEV) and hydrogen fuel cell powered electric vehicles (HFCEV). The 

perpetual existence of the risk associated with innovation is a pressing concern owing to the swift 

progressions in technology and innovation.  

Within this specific framework, this thesis examines the toxicity, flammability, and vapour cloud 

explosion (VCE) potential of vent gases from BEVs undergoing thermal runaway and the 

flammability of hydrogen gas and potential of explosion resulting from the leaks of tanks of 

hydrogen powered vehicles. The implication of ventilation on the parameters of interest will also 

be investigated. 

1.1 Project Cooperation with SODECA S.L.U 

The completion of this project was achieved through the collaboration of SODECA S.L.U, a company 

that specialises in the design and production of industrial ventilation and smoke control systems. A 

series of experiments were envisaged with the cooperation of Applus+ laboratories with financial 

support from SODECA. These experiments are not included in the scope of this thesis and will 

complement the further work proposed. The results of this study will allow SODECA to thoroughly 

assess whether their current ventilation solutions are suitable for addressing fires caused by BEV and 

hydrogen vehicles in car parks. 

1.2 Thesis Objective  

The primary objective of this thesis is to examine the interaction of ventilation systems with the 

flammable and toxic gases released from electric vehicle batteries and hydrogen vehicle tanks in 

enclosed car parks. This involves successfully completing the following specific objectives: 

1. To perform a literature review to acquire knowledge about the intricacies of battery 

technology, specifically examining the factors that impact the generation of harmful, 

corrosive, and combustible substances. The study is also extended to the realm of hydrogen 

vehicles to comprehend the potential failure modes of hydrogen tanks and the 

ramifications of a hydrogen leak in an enclosed area. 
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2. To assess the toxicity of battery-operated electric vehicle fires in a typical enclosed car park 

under varying ventilation conditions to find optimal ventilation configurations.  

3. To assess vapour cloud explosion (VCE) potential of vent gas from battery operated electric 

vehicles (BEV) undergoing non-flaming thermal runaway and analyse the gas cloud 

movement in enclosed spaces while varying ventilation conditions 

4. To assess  hydrogen gas dispersion from leaks originating from hydrogen tanks of hydrogen 

fuel cell electric vehicles (HFCEV) and the potential of a hydrogen explosion in enclosed 

spaces while varying ventilation conditions.  

1.3 Limitations and Delimitations  

1.3.1 Limitations 

1. The transportation of heavy metals is not explicitly simulated due to limitations in FDS. 

2. Geometry is a significant factor that affects smoke transportation. In the initial simulations, 

a basic geometry is employed to analyse how toxicity and flammability change under 

different ventilation conditions. 

3. RSET analysis and fire resistance calculations are not performed in this thesis 

4. Given the rapid pace of battery technology advancement, certain discussions and 

evaluations may deviate from the current and future technology in the commercial market.  

5. There is a scarcity of data regarding studies conducted on leaks from hydrogen fuel tanks 

in confined spaces within the built environment. Some of the data collected and used for 

simulations is derived from the process industry. 

1.3.2 Delimitations 

1. The discussions in this thesis are limited to Lithium-ion battery (LIB), Sodium-ion battery 

(SIB) and hydrogen-powered vehicles, where the focus is given to the tanks and supply 

systems of hydrogen vehicles. Discussion of electric vehicles is limited to battery operated 

electric vehicles (BEV), plug in hybrids (PHEV) and hybrid electric vehicles are not discussed. 

2. The modelling of LIB and SIB fires considers the venting gases but does not include the 

modelling of the kinetics of a thermal runaway at the individual cell level. The literature 

review briefly mentions the internal chemical reactions that take place within a lithium-ion 

battery (LIB) during thermal runaway but does not provide detailed information beyond the 

resulting vented gas species and their typical concentrations. 

3. The influence of battery form factor i.e aspect that defines and prescribes the size, shape, 

and other physical specifications of components is not factored in for the development of 

scenarios used in the methodology . 

4. Although various ventilation standards are mentioned in the literature review and 
calculations, this thesis does not include a comparison of different standards. 
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1.4  Background  

The concept of the first commercially feasible lithium-ion battery was developed in 1976, and it was 

subsequently brought to the market by Sony in 1991 [1] .The earliest hydrogen fuel cell was 

conceptualised in 1842 and later became viable during the space race between the United States and 

Russia [2], the earliest hydrogen powered car was tested by general motors in 1966 [3] with the initial 

commercialization of hydrogen-powered vehicles occurring in the early 2002, with Toyota and Honda 

being the first companies to introduce them to the market [4]. In contrast, it took an additional six 

years for a commercial lithium-ion battery (LIB) vehicle to become available to the public [5].  

The commercial availability of these technology has brought revolutionary changes in various sectors 

including the automotive industry with LIB and hydrogen fuel cells paving the path towards a net zero 

economy. The Anticipated sales growth of EV and Hydrogen vehicles in Europe is likely to persist, 

particularly in light of recent policy advancements outlined in the 'Fit for 55' package [6]. The revised 

regulations establish more stringent CO2 emission criteria for the period of 2030-2034. Additionally, 

they aim to achieve a complete elimination of CO2 emissions from new cars and vans by 2035.  

The International Energy Agency's "Global EV Outlook 2023"[7] report emphasises the swift expansion 

of electric vehicle (EV) markets, with sales surpassing 10 million in 2022 and EVs accounting for 14% of 

global new car sales. China leads in sales, accounting for around 60% of global electric car sales. The 

report predicts sustained expansion, forecasting sales to achieve a total of 14 million units by the 

conclusion of 2023, this was rightly forecasted and approximately 14.1 million electric vehicles (EV) 

were sold by the end of 2023 [8]. Countries such as India, Thailand, and Indonesia are also witnessing 

an increase in EV sales in their respective markets. The report examines the consequences of this 

expansion on energy markets and climate objectives, highlighting the possibility of substantial oil 

substitution and emissions reduction by 2030. Furthermore, it highlights the growing rivalry in the 

electric vehicle (EV) industry, as more cost-effective models are entering the market, underscoring the 

significance of governmental backing and financial investment in the EV sector. 

On the contrary the sales of hydrogen vehicles have dwindled over the past couple of years. Global 

sales of hydrogen-powered fuel-cell electric vehicles (FCEVs) experienced a 9.6% decline compared to 

the same period in the previous year [9]. The increase in hydrogen fuel prices during the summer, 

coupled with the limited availability of vehicle options such as the Hyundai Nexo [10] or the Toyota 

Mirai [11], has led to a lack of consumer interest in purchasing Fuel Cell Electric Vehicles (FCEVs), 

despite the government's backing [9]. In the first seven months of 2023, the Japanese market for 

hydrogen-powered cars experienced a significant decline, with a 63.4% year-on-year decrease, 

resulting in the sale of only 235 Fuel Cell Electric Vehicles (FCEVs) [9] . 

In contrast, there has been a more equitable distribution of sales across various markets. In the initial 

seven months of 2022, South Korea accounted for 52% of all Fuel Cell Electric Vehicles (FCEVs) sold 

[9,12]. However, this proportion has now decreased to 35.2%. In contrast, China's share has 

significantly increased from 17.3% to 31.9%, while the US has also experienced growth from 18.1% to 

24.3% of the market. 
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A representative from Wood Mackenzie states that the chances of Fuel Cell Electric Vehicles (FCEVs) 

causing significant changes in the current market dynamics are low. "China is dedicated to the 

production of battery-electric vehicles (BEVs), but Chinese brands are not replacing traditional original 

equipment manufacturers (OEMs) in Europe and the United States”. It is unlikely that FCEVs will be any 

different [13].  

1.5 Innovation risk 

There is a consensus that technologies such as LIB and Hydrogen Fuel cells are at the forefront of 

facilitating the transition towards a net zero economy. The veracity of this information is 

corroborated by the report on worldwide electric vehicle trends published by the International 

Energy Agency [14]. However, innovation carries inherent risks that must be acknowledged [15]. 

Frequently, technology advances more rapidly than the research conducted to comprehend its 

risks. Moreover, the adoption of such technologies often leads to added complexities in existing 

infrastructure. This thesis aims to examine the implication of ventilation systems on flammable and 

toxic gases released from fires from electric vehicle batteries and leaks from hydrogen vehicle 

tanks. 

1.6 A brief discussion of the technology 

1.6.1 Lithium-Ion Batteries 

Lithium-ion batteries (LIBs) are experiencing significant growth because of their superior energy 

density, minimal upkeep requirements, low self-discharge rate, rapid charging capabilities, and long 

lifespan. Nevertheless, lithium-ion batteries (LIBs) exhibit subpar thermal stability, which can 

potentially lead to fire and, in certain situations, even explosion. The fire hazard impedes the 

widespread implementation of LIBs in electric vehicles and energy storage systems [16]  

1.6.1.1 Working principle 

The operational mechanism of LIBs involves the electrochemical migration of lithium ions from the 

cathode (positive electrode) to the anode (negative electrode) during the charging phase. 

Conversely, during the discharge phase, lithium ions are liberated from the anode and migrate back 

to the cathode. The term "LIB" is derived from the transfer of lithium ions, and the movement of 

these ions creates a difference in charges. This difference in charges leads to the accumulation of 

potential energy, which can be converted into the flow of electrons, resulting in the generation of 

electricity [17] this process is depicted Figure 1.1. 
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Figure 1.1 Figure depicting the discharging and charging cycle of a LIB [18] 

In addition, LIBs contain lithium in its oxide form, which means they do not possess lithium's 
tendency to undergo violent reactions when exposed to water or other hazards associated with 
lithium metal fires [19]. The various shapes and styles of LIBs can have a significant influence on the 
overall performance, safety, cost, lifespan, specific power, and specific energy of the battery [20]. 

1.6.1.2 Components of Lithium-ion batteries  

Cathode 

The positive electrode of the cell is usually made of transition metal oxides and can be classified 
based on their structure, which are broadly divided into 1) Layered, 2) Spinel and 3) Olivine. The 
most popular cathodes that are available in the commercial market are Lithium Cobalt Oxide (LCO), 
Lithium Manganese Oxide (LMO), Lithium Iron Phosphate (LFP), Lithium Nickel Manganese Cobalt 
Oxide (NMC), Lithium Nickel Cobalt Aluminium Oxide (NCA) and Lithium Titanate Oxide (LTO), their 
properties are detailed in Table 1.1 

Anode 

Traditionally, graphite or LTO (Lithium Titanate Oxide) are commonly used materials for the 
negative electrode, with LTO also being a popular choice for the cathode. Graphite is commonly 
used as the main component of the anode due to its widespread availability and because it offers 
a unique combination of relatively low cost, abundance, high energy density, power density, and 
very long cycle life [21]. The anode also promotes the formation of Solid Electrolyte Interface (SEI), 
a thin layer formed during the initial charging cycles of lithium-ion batteries on the surface of the 
anode, usually composed of graphite or other carbon forms. The SEI is essential for the proper 
operation and durability of the battery [21-23] . 

Some of the recent advancements in Anodes (including experimental ones) are listed in Table 1.2. 

 

 

 



  MSc. Thesis 

6   

Table 1.1 Consolidated list of Cathode technology detailing advantages, disadvantages and application. 

Structure Cathode Advantages Disadvantages Applications  Ref. 

Layered 
[16] 

LCO (Lithium 
Cobalt Oxide) 

High Specific 
energy 

LCO battery is more likely 
to combust vigorously as 
LCO releases a larger 
amount of oxygen at high 
temperature compared to 
LFP. 
 
Low Specific power  
 
Expensive  
 
Low performance at 
elevated temperatures  
 
Relatively short lifespan 

Cell phones  
Laptops and general 
electronics 

[16], 
[20], 
[22], 
[24] 

NCA (Lithium 
Nickel Cobalt 
Aluminium 
Oxide) 

High Specific 
energy  
 
Longer life cycle  
 
High current 
tolerance 

Thermally unstable 
compared to other 
cathodes  
 
Expensive 

BEV and applications that 
demand long battery life 

[16], 
[20], 
[22], 
[25] 

NMC 
(Lithium 
Nickel 
Manganese 
Cobalt Oxide) 

High 
thermodynamic 
stability  
 
Low cost  
 
Low self-heating 
rate  
 
Higher peak 
power 

Low Voltage Widely used in EVs, including 
plug-in hybrids and fully 
electric cars. They are also 
found in power tools and e-
bikes. 

[16], 
[20], 
[24], 
[25] 

Spinel [16] LMO (Lithium 
Manganese 
Oxide) 

High 
thermodynamic 
stability , high 
voltage 

Relatively Low Capacity Power tools and PHEV [16], 
[20], 
[25], 
[26] 

LTO (Lithium 
Titanate 
Oxide) 

Extremely fast 
charging rate  
 
Wider operating 
temperatures 

Low Energy density  
 
Expensive 

UPC, Solar and wind power 
solutions, Aerospace, and 
military 

[16], 
[20], 
[25] 

Olivine [16] LFP (Lithium 
Iron 
Phosphate) 

Safer than LCO 
and NCM 

Low capacity  
low charge/discharge rates  
Low Specific energy  
Low voltage 

EV (where safety is given 
priority than range)  
BESS and other large-scale 
power systems 

[20], 
[22], 
[25], 
[27] 

 
Generally, the thermal reactivity of the cathodes is ranked as LCO>NCA>NCM>LMO>LFP and the 
propensity to cause thermal runaway increases directly with the composition of Ni and Li in the 
cathode [28]. The amount of Cobalt directly affects the specific capacity of the cell. Due to this LFP 
cells are a popular choice for all the leading EV manufactures 
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Table 1.2 Consolidate list of popular commercial and experimental anodes [16] 

Sl. No. Anode  Theoretical capacity 
(mAh g−1) 

1 Graphite  372 

2 Li4 Ti5 O12  175 

3 Si  4140 

4 Sn  992 

5 Sb (Sb2 S3)  720 

6 Ge 1200 

7 Transitional metal oxides (XO) (X can be Co, Ni, Cu or Fe) 700 

8* 1. Silicon oxide, ultra-thin graphdiyne nanosheets 

2.  Layered boron-nitrogen-carbon-oxygen 

material with tunable composition. 

3. SiOx /C - SiO–Si, anode containing multiple active components. 

4. (Cu/Si/Ge nanowire arrays), MoS2 -on-MXene heterostructures. 

5. H2 Ti12 O25 (high voltage anode) 

6. Porous Fe3 O4 /carbon microspheres and Sn doped LiTi2 (PO4 )3 /C 

anode 

SiOx /C (645) 

*Anodes listed here are experimental.  

Electrolyte 

The electrolyte is an essential component of the lithium-ion battery as it occupies the pore space 

between the separator and electrodes. During the process of charging (discharging), the lithium 

ions are extracted from the cathode (anode) and conveyed to the anode (cathode) through the 

electrolyte. In essence, the lithium ions move freely within the electrolyte without any restrictions. 

Hence, the electrolyte solvents must exhibit advantageous physical and chemical properties to 

enable the effective conduction of lithium ions. Furthermore, it is imperative that they exhibit 

compatibility with electrodes and possess chemical inertness. Organic solvents are generally the 

preferred option for electrolytes [29]. Electrolytes are typically flammable because they commonly 

contain solvents such as ethylene carbonate or dimethyl carbonate. This is why current battery 

research is prioritising the development of solid-state batteries, which eliminate the need for these 

flammable electrolytes. Non-flammable electrolytes do exist; however, they may not be compatible 

with conventional electrodes due to reduced ionic conductivity, limitations in operational 

temperatures, and scaling challenges [30]. 

Separators 

A separator is a physical barrier employed to segregate the cathode and anode, thereby averting 

the occurrence of an internal short circuit. The separator is crucial for ensuring the safety of the cell 

by preventing contact between the electrodes while facilitating the movement and transportation 

of ions. Separator malfunction or collapse frequently leads to the onset of thermal runaway [31]. 

An ideal separator must meet the following criteria: it should be chemically and thermally stable, 
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possess a shutdown mechanism at the designated temperature, exhibit good wettability, and have 

excellent permeability with the electrolyte [16]. 

1.6.2 Sodium-ion batteries 

There exists a significant amount of literature that thoroughly examines the current patterns in 

sodium-ion batteries (SIB) [32]. Nevertheless, there is a limited amount of published research that 

specifically focuses on the thermal degradation, thermal runaway, and failure modes related to 

SIBs. SIBs operate on a similar basis as LIBs, but differ in terms of the chemical makeup of their 

electrodes and electrolytes. The ionic electrolytes are engineered to endure degradation at 

temperatures of up to 300 °C [23]. Commercial SIBs are being developed by CATL and BYD in China, 

Faradion in the UK, Tiamat in France, Northvolt in Sweden and Natron Energy in the USA [33]. China 

is leading the research in this technology with the CATL slated to be the largest supplier and 

producer of LIB and SIB and has set itself to roll out commercial SIBs in early 2024 [34]. Very limited 

information is available about the composition of these commercial SIBs, but they are usually 

manufactured by the utilization of sodium layered transition metal oxides (NaxTMO2) [35]  and 

vanadium phosphate as cathodes. However, it is important to note that this technology is primarily 

experimental and not widely available in commercial applications. Therefore, the scope of 

discussions on this technology is limited. 

1.6.3 Hydrogen powered vehicles. 

Hydrogen powered vehicles are typically powered by fuel cells-hydrogen fuel cell powered electric 

vehicle (HFCEV) since commercial hydrogen combustion engines are unavailable. The technology 

relies on utilising highly pressurised hydrogen pushed through the fuel cells to generate electricity 

to power the prime mover of a vehicle. Some major components of a hydrogen powered vehicle 

are the fuel cells, hydrogen supply system, oxygen supply (fresh air supply). The major components 

of a HFCEV is depicted in Figure 1.2. 

 

Figure 1.2 Image highlighting the major components of a hydrogen fuel cell powered vehicle [36]. 
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The fuel cell (Figure 1.3) operates by delivering pressurised hydrogen to the anode. Like a conventional 

LIB cell, the anode and cathode enclose a layer of electrolyte, facilitating the movement of ions 

between the electrodes. For a typical hydrogen fuel cell (HFC), the reaction rate can be enhanced by 

employing a catalyst such as platinum. Furthermore, the HFC possesses a selectively permeable 

membrane that exclusively permits the passage of positive ions while impeding the flow of electrons 

[37] . The movement of electrons from one electrode to another generates the electrical energy 

required to power the motors in a hydrogen-powered vehicle, with the only by-products from its 

operation being water and heat. 

1.6.3.1 Hydrogen Fuel Cell  

 
The hydrogen fuel cell is the heart of a HFCV which converts hydrogen gas to electricity and expels 
water and heat as the by product. Table 1.3 details the different types of HFCs available in the 
market. 

 

Figure 1.3 Image depicting a generic hydrogen fuel cell [38].  

1.6.3.2 Excess flow control valve 

The excess flow control valve (EFCV) (Figure 1.4) is a very crucial component of a HFCEV. This device 

regulates the flow of hydrogen to the fuel cell. For instance, a typical 200 kW fuel cell consumes 3 

grams of hydrogen per second at peak demand, hence these valves cut off or regulate flow rate if 

the flow in the hydrogen supply network exceeds the maximum calibrated value [39]. Which is 

crucial in safely cutting off the hydrogen supply in case of a leak that results in flowrates greater 

than the maximum permissible level in the system.  

 

Figure 1.4 A generic hydrogen excess flow control valve [39]  
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Table 1.3 Consolidated list of popular HFC – their electrolyte combination, efficiency, applications and 
operational parameters [40]  

Fuel Cell 
Type 

Common 
Electrolyte 

Operating 
Temperature 

Typical 
Stack Size 

Electrical Efficiency (LHV) Applications Advantages Disadvantages  

Polymer 
Electrolyte 
Membrane 
(PEM) 

Perfluorosulfonic 
acid 

<120 °C <1 kW - 
100 kW 

60% direct H2; 40% reformed fuel Backup power, 
Portable 
power, 
Distributed 
generation, 
Transportation, 
Specialty 
vehicles 

Solid 
electrolyte 
reduces 
corrosion & 
electrolyte 
management 
problems, 
Low 
temperature, 
Quick start-
up, and load 
following 

Expensive 
catalysts, 
Sensitive to 
fuel impurities 

Alkaline 
(AFC) 

Aqueous 
potassium 
hydroxide 
soaked in a 
porous matrix or 
alkaline polymer 
membrane 

<100 °C 1 - 100 kW 60% Military, Space, 
Backup power, 
Transportation 

Wider range 
of stable 
materials 
allows lower 
cost 
components, 
Low 
temperature, 
Quick start-
up 

Sensitive to 
CO2 in fuel 
and air, 
Electrolyte 
management 
(aqueous), 
Electrolyte 
conductivity 
(polymer) 

Phosphoric 
Acid 
(PAFC) 

Phosphoric acid 
soaked in a 
porous matrix or 
imbibed in a 
polymer 
membrane 

150 – 200 °C 5 - 400 kW, 
100 kW 
module 
(liquid 
PAFC); <10 
kW 
(polymer 
membrane) 

40% Distributed 
generation, 
Suitable for 
CHP 

Suitable for 
CHP, 
Increased 
tolerance to 
fuel 
impurities 

Expensive 
catalysts, long 
start-up time, 
Sulphur 
sensitivity 

Molten 
Carbonate 
(MCFC) 

Molten lithium 
sodium and/or 
potassium 
carbonates 
soaked in a 
porous matrix 

600 – 700 °C 300 kW - 3 
MW, 300 
kW module 

50% Electric utility, 
Distributed 
generation 

High 
efficiency, 
Fuel 
flexibility, 
Suitable for 
CHP, 
Hybrid/gas 
turbine cycle 

High 
temperature 
corrosion and 
breakdown of 
cell 
components, 
long start-up 
time, Low 
power density 

Solid 
Oxide 
(SOFC) 

Yttria stabilized 
zirconia 

500 – 1000 °C 1 kW - 2 
MW 

60% Auxiliary 
power, Electric 
utility, 
Distributed 
generation 

High 
efficiency, 
Fuel 
flexibility, 
Solid 
electrolyte, 
Suitable for 
CHP, 
Hybrid/gas 
turbine cycle 

High 
temperature 
corrosion and 
breakdown of 
cell 
components, 
long start-up 
time, Limited 
number of 
shutdowns 
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1.6.3.3 Hydrogen storage tanks  

A typical hydrogen vehicle tank can store between 4-6 kg of hydrogen [41] and can be constructed 
with metal liners, composite wraps or composites. Table 1.4 details the different types of hydrogen 
tanks available in the market.  

 Table 1.4 List of Hydrogen tanks available commercially, their construction and operating parameters [41,42]  

Type of Tank  Material  Operating parameters  

Type1 Steel/Aluminium  

Aluminium 175 bars (17.5 MPa; 2,540 psi) 
 
Steel 200 bars (20 MPa; 2,900 psi) 

Type 2 
Aluminium tank with Glass/Filament winding - 
winding materials like aramid or carbon fibre  

Aluminium/glass 263 bars (26.3 MPa; 3,810 psi),  
 
Steel/carbon or aramid 300 bars (30 MPa; 4,400 
psi). 

Type 3 

Tanks  fabricated with composites with a metal 
liner - composites  like fibreglass , aramid or 
carbon fibre are used , whereas the metal lining 
maybe aluminium or steel  

aluminium/glass 305 bars (30.5 MPa; 4,420 psi), 
aluminium/aramid 438 bars (43.8 MPa; 6,350 
psi), aluminium/carbon 700 bars (70 MPa; 
10,000 psi) 

Type 4 Composite tanks with a polymer liner  700 bars (70 MPa; 10,000 psi) 

Type 5 All composite tank without liner  1000 bars (100 MPa; 15,000 psi). 

 

 

Figure 1.5 A generic Hydrogen fuel tank is shown to highlight the liner and outer wrapping [41]. 

 Figure 1.5 depicts a typical hydrogen storage tank used in HFCEVs usually vehicles that use 

hydrogen to power the fuel cells use type 3 or 4 tanks. The current commercially sold hydrogen fuel 

cell powered vehicles use type 4 tanks and are pressurized to upwards of 700 Bars [41]. 
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1.7 Failure modes 

1.7.1 BEV 

Thermal runaway is a dangerous condition in batteries where the heat generated by exothermic 

reactions inside the battery is not adequately dissipated into the environment. As a result, the internal 

temperature of the battery rises, which can cause an even faster rate of reaction, creating a feedback 

loop that leads to further temperature increases [16]. 

 

Figure 1.6 Figure depicting the different modes of initiation of thermal runaway in LIBs [16]  

Thermal runaway can arise from mechanical, electrical, or thermal abuse. Figure 1.6 illustrates the 

common failure modes that lead to thermal runaway in the battery packs of electric vehicles (EVs) [16], 

[26]. The process of heat generation and feedback loop persists until it leads to the degradation of the 

separator, ultimately causing an internal short circuit. Thermal runaway is commonly caused by an 

internal short circuit. Upon initiation of thermal runaway, the electrolytes within the cell undergo 

volatilization, resulting in the production of toxic and flammable vapours [43]. Ignition frequently 

occurs because of thermal runaway initiation due to the low flashpoint and high temperature of these 

volatile species. Prior to ignition, a substantial quantity of volatile substances is emitted, which can 

accumulate in the absence of adequate ventilation [26]. SIB powered vehicles are not yet 

commercialized and there is limited research on the flammability of vent gas of SIB batteries and the 

data currently available are related to prototypes [44]. 
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1.7.2 Hydrogen powered vehicles. 

Hydrogen demonstrates safety characteristics that are less favourable when compared to other clean 

energy sources. sources. The reason for this is that hydrogen is the least heavy and most basic element 

on the periodic table. It possesses characteristics such as great buoyancy and diffusivity, as well as 

being highly flammable and explosive with a low ignition energy. Hydrogen also burns with an invisible 

flame under sunlight [45]. There exist studies which have analysed the consequence of hydrogen tank 

explosion of HFCEVs when exposed to an external heat source but these tests were performed in open 

atmosphere and not in closed spaces like car parks [46] . 

 

Figure 1.7 figure depicting the re-enactment of a hydrogen tank explosion of a HFCV (a) Vehicle before the 
explosion (b) Vehicle after the explosion (east view ) (c) Vehicle after the explosion (west view) (d) debris 

impacted on protective barrier after the explosion[46]. 

HFCEVs are prone to explosion when subjected to a significant incident heat flux on the tank. In a 

previous study [46] researchers conducted experiments by placing heptane burners underneath the 

hydrogen tank to induce an explosion. The tank exploded within a duration of 12 minutes upon 

exposure to the burner. However, it is important to note that there are additional potential causes of 

failure, such as leaks originating from fittings, leaks from the type 3 or 4 tanks within the vehicles, or 

malfunction of the pressure relief valves (PRV) or the EFCV. This may lead to dispersion of hydrogen in 

an enclosed space, which can potentially result in an explosion or a jet fire in a confined space. Even 

though the peak overpressure of hydrogen explosions is usually below 3 MPa, it has significant impulse 

value [45] and can result in ruptured eardrums and minor structural damage in the immediate vicinity.  
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1.8 Consequences of failure modes  

1.8.1 Toxicity 

When a Li-ion battery (LIB) is exposed to high temperatures, such as those caused by a fire or thermal 

runaway, it produces toxic and flammable substances. To determine the time, it takes for the total 

battery system capacity to reach different toxicity and flammability limits, it is necessary to 

comprehend the quantity in which these harmful compounds are emitted. The compounds in question 

may consist of carbon monoxide (CO), nitrogen oxides (NOx), sulphur dioxide (SO2), hydrogen chloride 

(HCl), hydrogen fluoride (HF), carbon dioxide (CO2), phosphorus oxyfluoride (POF3) , phosphine (PH3) 

and other organic compounds like benzene, toluene, styrene, etc [47,48]. 

Toxicity is commonly assessed using the following indicators: 

• The "Immediately Dangerous to Life or Health" (IDLH) [49] values by the National Institute for 

Occupational Safety and Health (NIOSH). These limits are set to ensure a person can safely 

escape a contaminated environment without needing respiratory protection. 

• The "Acute Exposure Guideline Level" (AEGL) [50] values by the Environmental Protection 

Agency (EPA). These guidelines provide limits for different exposure durations –10 minutes, 

30 minutes, 1 hour, 4 hours, and 8 hours– and are categorized into three levels: 

a. Level 1 includes effects like discomfort, irritation, or asymptomatic non-sensory             

effects. 

b. Level 2 involves serious, long-lasting adverse health effects or a compromised ability 

to escape. 

c. Level 3 pertains to life-threatening health effects or death. 

• Fractional effective dose (FED) [51] The model calculates incremental exposure doses (the 

product of concentration and time increments) and correlate them with the total C x t 

(concentration x time) which is the exposure dose needed to cause a specific toxic effect at 

the current concentration. This process involves the continuous summation or integration of 

these fractional effective doses. When the cumulative sum reaches the threshold the 

predicted effect, such as incapacitation or death is attained. For personnel safety a threshold 

of 0.3 is considered which roughly equates to 0.3 which would incapacitate 11.4% of the 

exposed population. FED is calculated as per Equation 1.1 [52]   . 
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FEDtot = (FEDCO + FEDCN + FEDNOx + FEDirr) X HVCo2  + FEDo2  Equation 1.1 

FEDCo = ∫ 2.764 × 10−5𝑡

0
 (𝐶𝑐𝑜(𝑡))

1.036
𝑑𝑡 Equation 1.2 

FEDCN = ∫ (
1

220
exp ((

𝐶𝐶𝑁(𝑡)

43
)

𝑡

0
− 0.0045)𝑑𝑡 

Where CCN = CHCN- CN02 -CNO (HCN concentration corrected for protective effect of NO2) 

Equation 1.3 

 

FEDNOx=∫
𝐶𝑁𝑜𝑥(𝑡)

1500
𝑑𝑡

𝑡

0
 

Equation 1.4 

 

FLDirr  =∫ (
𝐶𝐻𝐶𝑙(𝑡)

𝐹𝐹𝐿𝐷,𝐻𝐶𝑙

𝑡

0
+

𝐶𝐻𝐵𝑟(𝑡)

𝐹𝐹𝐿𝐷,𝐻𝐵𝑟
+

𝐶𝐻𝐹(𝑡)

𝐹𝐹𝐿𝐷,𝐻𝐹
+

𝐶𝑆𝑜2(𝑡)

𝐹𝐹𝐿𝐷,𝑆𝑜2
+

𝐶𝑁𝑜2(𝑡)

𝐹𝐹𝐿𝐷,𝑁𝑜2
+

𝐶𝐶3𝐻4𝑂(𝑡)

𝐹𝐹𝐿𝐷,𝐶3𝐻4𝑂
+

𝐶𝐶𝐻2𝑂(𝑡)

𝐹𝐹𝐿𝐷,𝐶𝐻2𝑂
)𝑑𝑡  

Equation 1.5 

 

FEDo2=∫
𝑑𝑡

exp [8.13−0.54(20.9−𝐶02(𝑡)]

𝑡

0
 Equation 1.6 

 

HVCo2=
exp(0.1903𝐶𝑐𝑜2(𝑡)+2.0004)

7.1
 

Equation 1.7 

 

Equation 1.1 can used be for  any species like C0 , CN  and are computed as depicted  in Equation 

1.2 to Equation 1.7 whereas  HV is the hyperventilation factor, 𝐶𝑖 is the concentration of species 

[52], Exposure concentration at any point during a fire expressed as fraction of exposed 

concentration predicted for a given end point.    

Toxicity of LIBs and SIBs are complicated due to the wide range of combinations of anodes, cathodes 

and electrolytes involved. Comprehensive tests were conducted to ascertain the toxicity of the species 

emitted from fires involving LIBs [48, 53, 54] and found that LFP batteries with a state of charge (SOC ) 

of 100% and nominal energy capacity of 92 Wh produced a total HF yield of 24 mg/Wh whereas for a 

nominal capacity of 112 Wh and SOC of 100% the yield varies between 44 and 56 mg/Wh. The study 

performed by Larsson [55] found that the HF concentrations were higher at lower SOC, a yield of 100 

mg/Wh at 0% SOC and 120 Wh at 50% SOC. Further studies by Larsson found HF yield to be higher at 

lower SOC than higher but also found that HF production at 50 % SOC was higher than at 0 % SOC and 

higher than the yield at 100 % SOC. This highlights the variation in predicting species yield of HF from 

SOC or the type of cell. Regarding toxicity of BEV and ICEV fire, full scale tests were conducted at INERIS 

[47, 48, 56] and are summarized in Table 1.5 
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Table 1.5 peak concentration of gas species produced by large scale tests conducted by INERIS and their 
extrapolation compared against IDLH and AEGL values.  

Species  
INERIS test 
[47]  

RISE extrapolated 
values for 20 kWh 
[57] IDLH AEGL-2  

CO  9000-13500 1300-4950 1200 420 

HF 750-1850 300-4800 30 95 

HCL  1300-1400 30-1250 50 100 

NO2 100-200 230-1700 13 20 

The RISE report also highlights that while performing full scale test the role of plastics in newer vehicles 

also plays a critical role in the fire toxicity. This was investigated [58] the full scale EV fire tests 

conducted by RISE [48],57] Concluded the following and provided these correlations. 

Correlations between nominal energy of EV and total quantity of HF production and THR were 

obtained.  

𝑦 = 0.03𝑥 Equation 1.8 

 

Where, 𝒙 is the Nominal electrical energy in Wh and 𝒚 is the total quantity of HF produced in grams 

 

𝑄𝑡𝑜𝑡𝑎𝑙 = 50 × 𝐸 Equation 1.9 

 

Where, 𝐸 is the Nominal electrical energy in Wh and 𝑄𝑡𝑜𝑡𝑎𝑙 is the total heat release (kJ)  

RISE conducted a total of 4 tests. Two of these tests focused on the impact of sprinklers, while the 

remaining tests were carried out on EVs with NMC packs and capacities of 40 kWh and 24 kWh. 

Additionally, one test was performed on an EV without a battery pack. It was observed that during the 

full-scale test, the EV exposed to sprinklers released a greater quantity of polycyclic aromatic 

hydrocarbons (PAH) compared to the EV with a 40-kWh battery. This EV also emitted a higher amount 

of THC compared to both the EVs with capacities of 40 kWh and 24 kWh. The quantification of species 

is summarized in Table 1.6, Table 1.7 and Table 1.8. 
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Table 1.6 Summary of the RISE full scale EV tests listing the total species production in grams [57] 

Test no  EV test  SOC  CO2 CO PAHs THC 

1 Without battery pack  ___ 350000 7500 9 2250 

2 50 kWh (under sprinkler)  90% 400000 10000 5 5250 

3 40 kWh  80% 340000 6500 0.5 3250 

4 24 kWh  80% 450000 9500 8 2750 

 

Table 1.7 Summary of the RISE full scale EV tests listing the total  production of particulate bound metal and 
anions  in grams [57] 

EV test  SOC  Lithium  Aluminium  Cobalt  Copper  Manganese  Nickel  Lead Zinc  

Without battery pack  ___ 0 0 0 10 0 0 4 130 

50 kWh (under sprinkler)  90% 50 90 48 17 40 258 7 48 

40 kWh  80% 131 90 253 15 282 474 4 283 

24 kWh  80% 54 26 198 15 158 200 2 334 

The toxicity of fire can be assessed by in terms of fractional effective dose or Fractional irritant 

concentration [59] and is calculate by using ISO 13571: 2012 [51] by the Pursers method this method 

is use full to assess tenability criteria. Along with FEC and FIC are used to assess the concentration of 

the species that may cause serious, long lasting adverse health effects or compromise the ability to 

escape. 
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Table 1.8 Summary of the RISE full scale EV tests listing the total species production of HX species  in grams [57] 

EV test  SOC  HF HCl HBr 

Without battery pack  ___ 125 1000 125 

50 kWh (under sprinkler)  90% 312.5 1125 100 

40 kWh  80% 625 2125 187 

24 kWh  80% 875 2250 160 

Some of the highly toxic compounds produced by the fire of EV are described in the following sections.  

1.8.1.1 Organic Compounds 

Polycyclic aromatic hydrocarbons (PAH) 

PAH are organic compounds that is composed of multiple aromatic hydrocarbons, they are uncharged 

and planar which the simplest PAH being Naphthalene. PAHs are known to be persistence and 

carcinogenic[60]. They are primarily formed due to the incomplete combustion of organic matter. It is 

very difficult to quantify each of the PAH that is produced in a fire. Some of the major constituents of 

PAHs during a fire are pyrene, phenanthrene, naphthalene, and fluorene. They are difficult to quantify  

from the yield of the fire and are often assessed from the urine samples of fire fighters exposed to 

smoke during the event [61] the conclusion of the study is depicted in Figure 1.8.  In the study the 

urinary concentrations (µg/g) of hydroxynaphthalenes, hydroxyphenanthrenes, 1-hydroxypyrene, and 

hydroxyfluorenes were measured at different time points for a group of 24 firefighters. These 

firefighters were evenly distributed among 3 crews, with each crew assigned to attack, search, 

backup/overhaul, or outside vent tasks. Additionally, each crew responded to 4 fires. It was found that 

the levels measured 3 hours after firefighting were significantly higher than the levels measured before 

firefighting (p < 0.01) 
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Figure 1.8 The urinary concentrations (µg/g) of hydroxynaphthalenes, hydroxyphenanthrenes, 1-
hydroxypyrene, and hydroxyfluorenes measured at different time points for a group of 24 firefighters. [61]. 

Other organic compounds  

Since LFP and NMC batteries are the most popular cathode technology used in EVs a study was 

conducted by Bergström [62] which has detected multiple different organic compounds. Some of the 

organic compounds that were found in higher quantities were 1,3- dioxolan-2-one, Diethyl Carbonate 

(DEC), Ethyl methyl Carbonate (EMC)  and some of the components that were absorbed by the skin 

were 1,4-dioxane, ethylbenzene, styrene, and 1-methylpyrrolidin-2-one. These components are 

irritate the respiratory system and in case of prolonged exposure may result in central nervous system 

depression. 

1.8.1.2 Irritant gases  

Fire-related gases can induce cellular suffocation by displacing oxygen, and specific gases can also elicit 

toxic and irritating effects, even at minimal concentrations. The gases like hydrogen fluoride (HF), 

hydrogen chloride (HCl), sulphur dioxide (SO2), and nitrogen dioxide (NO2) are classified as irritants. 

Further studies conducted on irritant gases discharged by Li-ion batteries with LFP cathodes concluded 

that the impact of irritant gases surpasses that of asphyxiant gases.  
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The full-scale tests conducted at INERIS [47] on ICEVs and BEVs determined that the main distinction 

between electric vehicles (EVs) and internal combustion engine vehicles (ICEVs) is the emission of HF. 

EVs were found to emit approximately twice as much HF as ICEVs. The concentration of hydrochloric 

acid (HCl) remained constant in all tests, whereas slightly higher levels of nitrogen dioxide (NO2) were 

detected in internal combustion engine vehicles (ICEVs).  

SO2 measurements for an Internal Combustion Engine Vehicle (ICEV) was also documented by INERIS 

[63]. Although certain gases and substances exhibited more pronounced disparities between electric 

vehicles (EVs) and internal combustion engine vehicles (ICEVs), it is advisable to adopt a comprehensive 

approach in evaluating the current risks and identifying the requisite precautionary measures. 

Hydrogen chloride is a corrosive substance that can cause severe respiratory tract injuries if inhaled, 

due to its highly irritating nature. HCl does not penetrate the skin, but upon contact with moisture, it 

can generate hydrochloric acid, resulting in burns. Studies conducted by  Ribière [64] showed that the 

overall generation of hydrochloric acid (HCl) in the examined cell was not influenced by the state of 

charge (SOC). The trends in the yield of HCl and HF are mentioned in Table 1.5 and Table 1.8. 

HF is of particular interest out of all these gases because it can penetrate the skin like PAHs but with 

the added danger of delayed injury, because HF at concentrations less than 20% cause no immediate 

pain and the delayed absorption through the skin may last many days [65]. The odour of HF is 

discernible at concentrations less than 0.04 ppm compared to the AEGL level 2 value of 95 ppm and 

IDLH of 30 ppm [49] which gives sufficient warning to the exposed person if the exposure pathway is 

through  inhalation. In addition to toxicity HF is highly corrosive and reacts with most metals. The 

quantification of HF yield is also very difficult owning to the variability in cell chemistry and SOC 

dependence. 

1.8.1.3 Asphyxiant Gases  

There are minimally toxic gases which reduced the oxygen supply in the atmosphere or are toxic in 

which case the gases interfere with cellular respiration as well as prevent oxygen metabolism. Simple 

Asphyxiants are nontoxic and displace the oxygen concentration in the vicinity. Some examples of 

simple asphyxiants are Hydrogen, Carbon Dioxide, Methane, Nitrogen etc [66]. CO and HCN are also 

asphyxiants but their action is different compared to simple asphyxiants. In case of CO , CO molecules 

have higher affinity towards haemoglobin compared to oxygen and this prevents the red blood cell 

from carrying oxygen efficiently[67], whereas HCN prevents oxygen metabolism and causes tissue 

hypoxia. Poisoning due to CO is a leading cause deaths related to fires from studies performed we 

observe that in case of EV higher SOC correlates to higher production of CO [64] whereas HCN 

production mainly relies on combustion of fuel containing nitrogen and the production of HCN is 
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predominantly determined by the constituents of the foam and plastic that is used in the vehicle and 

this influences greatly than whether the vehicle is ICE or BEV [47] [63].  

1.8.1.4 Metals  

Toxicity of metal fires especially heavy metals involved in EV batteries are a matter of concern, Table 

1.7 details the yield of various metals from an EV fire this shows considerable amount of Ni, Zi, Co and 

Li present in the product of the fire. Cobalt is a carcinogen [68] and its production depends on the type 

of LIB involved in burning , NMC batteries produce Co because of its chemical composition whereas 

LFP doesn’t contain Co [16]. Lithium is non-toxic at low levels and is primarily eliminated from the body 

through renal excretion and does not have an Immediately Dangerous to Life or Health (IDLH) [49] or 

Acute Exposure Guideline Level (AEGL) [50] value. Inhalation of Cobalt can lead to respiratory 

problems, and it also acts as a skin sensitizer. Copper is a vital micronutrient when consumed in small 

quantities, but it can lead to gastrointestinal discomfort and can damage the liver and kidneys when 

present in excessive amounts. Similarly, Manganese is an essential nutrient, but it can act as a 

neurotoxin when inhaled at high levels. Zinc is also an essential nutrient, however, consuming high 

doses of it can lead to stomach cramps, anaemia, and alterations in cholesterol levels. Aluminium is 

Generally considered to have low toxicity but can cause neurological effects under certain conditions. 

1.8.2 Flammability  

Flammability is assessed by the lower flammability limit of gases [69], The term LFL stands for Lower 

Flammable Limit. The Lower Flammable Limit of a gas or vapor is the lowest concentration of the 

substance in air that can produce a flash of fire in presence of an ignition source (like a flame or 

spark). Below this concentration, the gas/air mixture is too lean to burn and UFL is the upper 

flammability limit above which the concentration of the fuel is too rich to burn. The concentration 

between the LFL and UFL is known as the flammability range. 

Off gassing from LIBs and hydrogen leaks from HFCEVs may produce a flammable atmosphere. Since 

these gases have low flashpoints, off gassing and release of these species without combustion will 

pose an immediate danger of explosion if sufficient ventilation is not provided and makes  

understanding how ventilation affects the flammability crucial. Baird studied the flammability of 

gas vented from batteries and calculated the LFL based on experiments, and from Le Châtelier’s 

law, critical adiabatic flame temperature (CAFT), Jone's method, Bounaceur's method and also used 

Cantera chemical kinetics modelling suite [70, 71- 74]. 

The gas released from LFP cells prior to combustion primarily consists of carbon monoxide (CO), 

carbon dioxide (CO2), hydrogen (H2), and a combination of hydrocarbons, typically ranging from C1 

to C4 [43]. 
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Figure 1.9 Vent gas analysis measuring species (mol %) based on experiments performed by Golubkov [14], [51]. 

 

Table 1.9 Summary of LFL calculated by Le Châterlier’s, CAFT , Jone’s and Bounaceur’s methods for NMC, LFP, 
LCO and NCA cells [43] 

Cell type  Le Châtelier* CAFT Jone Bounaceur** 

NMC 6.7 - 7.6 12.7 - 16 8.2 - 9.0 7.6 - 8.2 

LFP 8.3 - 8.7 18.2 - 20.6 9.4 - 10 8.6 - 8.7 

LCO 6.5 - 7.5 10.3 - 13.6 8.1 - 8.8 6.1 - 8.5 

NCA 6.2 - 9.8 13.7 - 16.7 6.7 - 10.9 7.6 - 11.8 
*Le Châtelier’s method has an error of 3.06 % 
**Bounaceur’s method has an error of -1.61 % 

 

From Table 1.9 we can infer that the vent gases of LFP cells have a LFL in the range of 8.3 % - 8.7 % 
volume by volume (using the values with the lowest error). 

During the tests conducted by society of automobile engineers (SAE) [75], there was a specific 

occurrence where thermal runaway was triggered and subsequently spread to 8 additional cells, 

resulting in the release of gasses for approximately 40 minutes. Another test conducted resulted in the 

thermal propagation spreading throughout the entire battery pack, ultimately causing ignition after 15 

minutes. This leads to ambiguity in addressing the transition of off gassing to combustion which makes 

quantifying off gassing a complex task.  

In the case of hydrogen, the flammability range lies between 4% and 75% in air (Figure 1.10). 
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Figure 1.10 Flammability range of hydrogen in air and oxygen [76].  

When a flammable atmosphere is ignited, depending upon the degree of confinement and quantity of 

gas involved the explosion produced has detrimental effect on human beings and property and is 

usually quantified by the blast overpressure produced [77]. Table 1.10 details the overpressure from 

explosions and their consequences. 

Table 1.10 Overpressure values from explosions and their corresponding consequence to people and property 
[77] 

Overpressure 
(bar) 

Consequence on people and property 

0.0015 Annoying noise 

0.002 No structural damage. Occasional breaking of large window panes under strain 

0.003 Loud noise. Occasional glass failure 

0.007 Breakage of small windows under strain 

0.01 Typical threshold for glass breakage (individuals are safe inside a structure) 

0.02 Some damage to house ceilings. 50% of window glass broken 

0.03 Limited minor structural damage 

 0.05 Minor damage to house structures 

0.07 Collapse of roof of tank, Light injuries from fragments  

0.08 Partial demolition of houses, made uninhabitable 

0.1 Steel frame of clad buildings slightly distorted 

0.14 People injured by flying debris or self-impact against the objects  

0.15 Partial collapse of walls and roofs of houses 

0.2 
Heavy machines in industrial buildings suffer little damage. Large trees fall down , 
overpressure greater than this causes  serious injuries are common , fatalities may occur  

0.35 Breakage of wooden telephone poles. Most buildings destroyed 

0.5 Loaded tank cars/train wagons overturned. Brick walls 30 cm thick collapse 

0.7 
Destruction of buildings. Heavy machine tools moved and badly damaged, most people are 
killed  

1  Lung damage threshold  

1.4  100% fatalities  
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2 Methodology 

The analysis of toxicity and flammability of fires from BEVs and leaks from hydrogen tanks of HCEVs 

are addressed numerically using a combination of CFD tools, namely Fire Dynamics Simulator (FDS) and 

Flame Acceleration Simulator (FLACS). The problem statement is divided and addressed as four 

different cases which will be modelled with varying ventilation conditions.  

1. Modelling of a full scale BEV fire using FDS with simulated yields from previous 

experiments as listed in Table 1.6, Table 1.7 and Table 1.8 

2. Modelling of dispersion due to vent gases emitted from battery packs of BEVs from 

non-flaming thermal runaway using FLACS.  

 

3. Modelling of Hydrogen dispersion from leaks originating from tanks or associated 

piping of hydrogen fuel cell powered vehicles using FLACS.  

 

4. Modelling of explosion due to flammable dispersion clouds formed due to vent gases 

emitted from battery packs from non-flaming thermal runaway and from leaks 

originating from tanks or associated piping of hydrogen fuel cell powered vehicles 

using FLACS.  

2.1 Geometry  

Geometry plays a crucial role in the analysis of toxicity and flammability of fires from electric vehicles 

and leaks from hydrogen tanks of HCEV. Since the exploration of these parameters are of interest for 

an enclosed structure such as a car park the selection of the geometry will influence the outcome of 

the analysis. To generalize the study to underground/enclosed car parks the geometry is selected 

based on full scale and reduced scale experiments performed in enclosed car parks in Belgium in 2013 

[78-80] .  

As per Belgian standard NBN S 21-208-2 [81] a well-designed car park will exhibit flow patterns such 

that the airflow does not bypass the fire, instead the air flows over the fire and carries the products of 

combustion to the exhaust. Hence the geometry is selected as per previous studies performed to 

analyse flow patterns and back layering in car parks (Figure 2.1 a). 

To understand the flow patterns generated in an enclosed car park four different configurations (Table 

2.1) are used in the inlet of the car park to represent the different flow patterns that develop, to enable 

this the inlet side of the car park is variable and the inlet area can be increased or decreased. The entire 

length of the -Y face of the car park is divided into five equal parts and can be opened or closed creating 

multiple different configurations to analyse the flow patterns. The varying opening condition will be 

used to analyse the smoke movement and toxicity in a well-designed and poorly designed ventilation 

system.  
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(a) 

 

(b) 

 
(c) 

 
 

Figure 2.1 Geometry designed to analyse flow patterns and back layering in enclosed car parks. a) Top view of the 
geometry modelled in FDS using Pyrosim (the yellow boxes are the HVAC ducts, the red arrow represents the 
ideal air flow over the fire source). b) The geometry modelled in FLACS. c) 3D view of the geometry used in both 
FDS and FLACS 

Four HVAC ducts are used to simulate the ventilation system inside the enclosure with each duct 

capable of producing a discharge of 50000 m3/h, out of these configurations XXOXX represents an 

ideal well-designed car park with flow patterns over the location of the fire which prevents smoke back 

layering. The OOOOO is also a good configuration, but it is not optimal to prevent smoke back layering 

whereas the other two configurations represent designs with recirculation zones (indicated by the blue 

gradients on the slice shown in Figure 2.4), which would represent a poorly designed car park.  

 

 

 

 



  MSc. Thesis 

26   

Table 2.1 List of configurations used in FDS.   

Configuration code  Geometry  Description of the geometry  

OOOOO 
 

The entire face is open  

OXXXO  
 

40 % of the face is open, 20% each on the extreme 

left and right.  

XXXXO  
 

20 % of the face is open where the open face is 

located on the extreme right side 

XXOXX 
 

20 % of the face is open where the open face is 

located on the centre  

Car parks are also designed to promote natural movement of air to ensure adequate air quality, this is 

achieved by running the exhaust fans at reduced flow rates to promote air changes. The British 

standard [82] warrants 6 to 10 air changes per hour (ACH) in an enclosed car park and Figure 2.2 depicts 

the flow patterns and longitudinal velocities created at 10 ACH.  

   

 

Figure 2.2 Flow Pattern with OOOOO inlet configuration with 10 air change per hour - The slices from L to R 
represent the oscillation of the airflow along the Y axis towards the exhaust measured at Z=1m during discrete 
interval of 20 seconds. 
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(a) 

 

 

 

(b) 

 

 

 

Figure 2.3 Flow pattern on the X-Y plane with inlet configuration at maximum total extraction rate of 200000 m3 
per hour, showing velocity along the Y axis towards the exhaust measured at Z= 1m. a) XXOXX and b) OOOOO. 

From Figure 2.3 we can observe flow patterns without recirculation in the domain especially near the 

entrance of the domain. These configurations would be taken to run the simulation representative of 

a well-designed car park. The optimal configuration being XXOXX. From Figure 2.4 we can observe 

recirculation in the domain, this would be representative of a poorly designed car park where 

ventilation system is rendered ineffective due to the presence of recirculation zones.   

(a) 

 

 

 

(b) 

 

 

 

Figure 2.4 Flow pattern on the X-Y plane with inlet configuration at maximum total extraction rate of 200000 m3 
per hour, showing velocity along the Y axis towards the exhaust measured at Z= 1m. a) OXXXO and b) XXXXO. 

The OXXXO configuration exhibits recirculation zones and reverse flow with longitudinal velocities 

ranging from -0.05𝑚𝑠−1 to -1.85 𝑚𝑠−1  whereas the XXXXO configuration produces a reverse flow in 

the range of -0.05𝑚𝑠−1 to -3 𝑚𝑠−1. 
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2.2 Numerical simulation tools  

2.2.1 Fire Dynamics Simulator (FDS) 

Fire Dynamics Simulator (FDS) [52] is a computational fluid dynamics (CFD) model of fire-induced fluid 

flow developed by the national institute of standards and technology (NIST). FDS numerically resolves 

a specific form of the Navier-Stokes equations (incompressible NSE) that is suitable for thermally driven 

flows at low speeds (Ma < 0.3), with a particular focus on the transport of smoke and heat. Pyrosim 

[83], a graphical user interface (GUI) developed by Thunderhead Engineering is used to create the 

geometry for the simulation and define custom ramps for species production.  

Simple chemistry model was used to replicate the products of the EV fire based on literature( Figure 

2.6 and Figure 2.8) where a surrogate fuel was chosen to emulate the fire (Appendix A2) and the 

species were injected using a ramp function. FDS uses a structured geometry decomposition multiblock 

cartesian mesh which is a non-conforming [52]. The quality of the mesh is defined using a ratio 
𝐷∗

𝑑𝑥
 

where 𝑑𝑥 is the size of the cell used in the mesh. A fine mesh has a 
𝐷∗

𝑑𝑥
 ratio of 16 and a moderate mesh 

size has a ratio of 10 (Appendix A3). The FDS solver uses an explicit scheme to solve incompressible 

NSE and the stability of the solution is determined by the Courant Friedrich Lewy (CFL) criteria. 

Direct Numerical Simulations (DNS), Large Eddy Simulation (LES), Very Large Eddy Simulation (VLES), 

and Simplified Very Large Eddy Simulation (SVLES) are the four techniques used in the Fire Dynamics 

Simulator (FDS) to resolve turbulence [84]. Large Eddy Simulation (LES) was used for this investigation 

due to its ability to accurately represent the turbulent character of fire at large scales; empirical 

correlations were used to address lower sub grid scales. The resolution of the LES depends on the 

timestep and grid size; as the grid gets coarser, it depends more on the empirical sub-grid scale model. 

In terms of turbulent energy resolution and computing time choosing LES offers a balanced approach 

in modelling [85].  

2.2.2 Flame Acceleration Simulator (FLACS) 

FLACS [86] is a CFD software suite developed by GexCon AS which is predominantly used to perform 

explosion and gas dispersion modelling. FLACS utilises a Reynolds Averaged Navier-Stokes (RANS) 

model for resolution and implements a 𝑘 − 𝜖 turbulence model [87] which is an eddy viscosity model 

that solves transport equations for turbulent kinetic energy and for dissipation of turbulent kinetic 

energy. 

FLACS is capable of simulating explosion and supersonic leaks which cannot be modelled in FDS due to 

limitations of the incompressible Navier stokes equation used in the FDS solver that limits flow to Mach 

0.3. FLACS uses a non-conforming Cartesian mesh, where the mesh can be refined and stretched as we 

move farther away from the point of interest.  
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The leaks are modelled as per the Ewan–Moodie [88] pseudo-source model and is based on the 

assumptions that the temperature at the pseudo-source equals the temperature at the nozzle and that 

the velocity at pseudo-source is sonic. Since Supersonic flows do not occur in natural leaks, which 

invariably stabilize and flow at a choked (sonic) velocity, relative to the speed of sound in the leaking 

gas [77].  

2.3 Simulated scenarios definition 

The following subsections detail the scenarios developed to investigate the problem statement, which 

is divided into the four parts. 

2.3.1 Part 1 – Modelling of a full-scale BEV fire using FDS 

Full scale numerical simulation of a BEV car fire is performed with ventilation systems turned on, using 

XXOXX, OOOOO, OXXXO and XXXXO configurations (Table 2.2).  

Table 2.2 Full scale BEV fire scenarios with their inlet configuration  

Scenario ID 
Scenario 

Ventilation Configuration 

F_ EV_XXXXO 200,000 𝑚3/h XXXXO 

F_ EV_OXXXO 200,000 𝑚3/h OXXXO 

F_ EV_OOOOO 200,000 𝑚3/h OOOOO 

F_ EV_XXOXX 200,000 𝑚3/h XXOXX 

The combined ventilation and toxicity analysis is modelled in FDS using the GUI Pyrosim [83]. The BEV 

fire is modelled based on data from previous full scales tests conducted by RISE [57, 89], the net species 

production and scaling rules were discussed in Table 1.5, Table 1.6, Table 1.7 and Table 1.8 

The Heat release rate (HRR) curve is modelled as per Figure 2.6 and is based on the BEV test number 3 

(Table 1.6) conducted by RISE. This test is conducted without the influence of a sprinkler and produced 

the highest toxic species yield with respect to the other tests. To evaluate FED and FIC in this enclosed 

space the domain is divided into three equal zones as depicted in Figure 2.5. Each zone is lined with 

devices spaced 2 m from each other at heights Z = 1, 2 and 2.6 m located centrally in each zone forming 

a matrix of devices 15 × 3  (45 devices) to measure the species concentrations listed in Table 1.6 and 

Table 1.8 , these species are also summarized in Figure 2.8. 

  

 

 



  MSc. Thesis 

30   

 

Figure 2.5 Domain divided into three zones LI,C and RI to facilitate analysis of FED and FED.  

 

Figure 2.6 HRR as a function of time from full scale experiments conducted at RISE [57].  

The vehicle is modelled as solid cuboid with the geometry representing an average footprint of a sedan 

with the dimensions of 1.8 m × 1.6 m × 0.8325 m located 0.1675 m [90,56] from ground level, which is 

the average ground clearance of a vehicle with the same footprint. Due to the selection of the cell size 

of the grid the vehicle is modelled with the dimensions 1.8 m x 1.6 m x 0.8 m in FDS and FLACS and the 

fire is prescribed on top of this cuboid.  

 

Figure 2.7 Vehicle modelled in FDS (in blue) using Pyrosim located x = 15 m, y = 15 m in the domain. 
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The vehicle is placed in the centre of the geometry (Figure 2.7) to examine the influence of varying flow 

patterns that contribute to the toxicity of the smoke layer and understand how the back-layering 

distance [81,91] changes with different ventilation configurations. Since car park ventilation systems 

are traditionally designed to aid emergency crew in tackling the situation and promote personnel 

evacuation. Hence back layering phenomena is analysed to evaluate the effectiveness of the design.  

The species yield was modelled using the reference data from RISE based on Fourier transform infrared 

(FTIR) measurements from the full-scale BEV tests and are depicted in Figure 2.8.  

 

 

Figure 2.8 FTIR measurement of Species yield of CO, HCN, HF, NO and SO2 from full scale experiments 
conducted at RISE.   
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2.3.2 Part 2 – Modelling of dispersion due to vent gases emitted from battery packs of 

BEVs from non-flaming thermal runaway using FLACS 

Dispersion of vent gas from non-flaming thermal runaway requires the quantification of vent gas 

production from a BEV. This is particularly challenging due to multiple different parameters playing a 

crucial role in the production of vent gases such as cell chemistry, SOC, abuse mechanism or physical 

configuration of the cell. There is also the ambiguity in the transition of the non-flaming vent gas 

release to flaming combustion along with the complexities involved in understanding total volume of 

gas produced. 

From previous accident/incident reports, observations were made that at least 700 litres  of vent gas 

were liberated from non-flaming thermal runaway of BEV [53] . To reduce some ambiguities and 

uncertainties, LFP batteries are selected to model the vent gas release during non-flaming thermal 

runaway, since battery chemistry is one of the variables that determines the nature of thermal 

runaway and the products liberated. LFP cells are also selected since majority of the auto 

manufacturers have switched to this cathode technology as discussed in section 1.6. A SOC of 100% is 

also used in the calculation to reduce uncertainties in species production. 

From the experiments conducted by Andrey Golubkov [92] it was found that LFP modules liberated 

approximately 5.9 moles of vent gas before transitioning into flaming combustion with the average 

vent rate of 1.39 mol·s-1 with approximated vent size of 19 mm. The composition of vent gases and its 

flammability limits were studied by Austin R. Baird [43]; the composition is summarized in Figure 1.9 

and flammability limits are computed in Table 1.9. Toxicity of the vent gas could not be considered 

since the FTIR was not calibrated to pick up HF and other toxic species and the experimental interest 

was to assess the explosion risk of battery vent gas. But recent studies conducted by  Peter J. Bugryniec 

[93] found out that LFP cells produce more HF and contaminate a larger volume during off gassing- due 

to the complexity of accounting for these uncertainties a VCE potential is only explored for off gassing.  

Gas composition from LFP battery vents is listed in Table 2.3, from the composition one mol of this gas 

weights approximately 27.95 grams. Considering the release rate of 1.39 mol·s-1, a non-flaming thermal 

runaway is expected to release approximately 38.78 g/s. The transition to flaming combustion requires 

understanding the thermal propagation within the module and to accurately model this requires the 

usage of advanced multi-physics simulation tools such as COMSOL. Hence a conservative approach is 

followed by prescribing a vent rate based on the capacity of the battery module and its weight. From 

studies performed by D. Sturk et. al [53] it was found that one kilogram of LFP cell can vent 42 Litres of 

vent gas which corresponds to 1.875 mols or 52.4 grams (calculations based on STP, T=  273.15 K , P = 

1 atm). 
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Table 2.3 Gas composition of LFP cell vent gas [43] 

Components of vent gas  
Composition 

(mol %) 
Molecular weight 

(g/mol) 
Equivalent volumetric 

fraction for FLACS 

Carbon dioxide, CO2 53 44.01 0.53 

Hydrogen, H2  30.9 2.02 0.309 

Ethylene, C2H4 6.8 28.05 0.068 

Carbon Monoxide, CO  4.8 28.01 0.048 

Methane, CH4 4.1 16.04 0.041 

Ethane, C2H6 0.3 30.07 0.003 

Most common Tesla BEV models have a battery module weighing 454 kg and looking into global EV 

trends the average battery weight lies between 300 to 600 kg [94] . Hence these vehicles can release 

between 15,720 to 31,440 grams of vent gas, if they do no transition to flaming combustion. Studies 

performed by Kim et. al [95] on NCM cells provide some insight on the exponential propagation of 

thermal runway but this was not scalable to a battery module level and the cell chemistries were 

different. Therefore, in this work the release is assumed to be constant and average value of 23,600 

grams will be considered as vent gas volume. 3,448 kPa (34.48 bar) [96] is the approximate pressure 

generated inside the cell before the rupture disk in the battery bursts, this value is used to define the 

source term reservoir pressure in FLACS.  

The vehicle is modelled in FLACS as a solid cuboid with the geometry representing an average footprint 

of a sedan with the dimensions of 1.8 m × 1.6 m × 0.8325 m located 0.1675 m from ground level 

(modelled as 1.8 m × 1.6 m × 0.8 m, at a height of 0.20 m) and the release in pointed in the -Z direction 

from the bottom of the vehicle.  

The scenarios will be run with ventilation turned off and ventilation systems running at 10 ACH. This is 

to explore practical implications as ventilation systems in car parks usually turn on at full power after 

2 - 3 minutes (depending on the standard being followed) upon detection of a fire by a CO/equivalent 

detector. 

Table 2.4 Summary scenarios and source term parameters for modelling LFP vent gas release. 

Scenario ID  Leak rate 
Pseudo source. 
Vent diameter 

Velocity of flow 
(FLACS 
calculated) 

Ventilation 

D_LFP_NV  38.78 g/s 19 mm  314.17 m/s Off 

D_LFP_RC 38.78 g/s 19 mm  314.17 m/s 
Recirculation pattern 
XXXXO configuration 

D_LFP_10ACH 38.78 g/s 19 mm  314.17 m/s 10 ACH 
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2.3.3 Part 3 – Modelling of hydrogen dispersion from leaks originating from tanks or 

associated piping of hydrogen fuel cell powered vehicles using FLACS 

Hydrogen is stored in the gaseous phase at 600 bars in the tanks of hydrogen powered vehicles.  

Currently HFCEV tanks have a capacity to store 5 to 6 kg of hydrogen. Hydrogen has a heat of 

combustion of 120 MJ/kg and a minimum ignition energy of 0.36 J [69]. The different types of tanks 

used in HFCEV were discussed in section 1.6.3.3. Due to the lack of failure data associated with 

hydrogen leaks from HFCEVs the modelling strategy was to rely on a series of scaled tests and its CFD 

validation performed by Gupta et. al.[97] and Lui et. al. [98]  

From these studies it was inferred that hydrogen leaks exhibited a vertical upward flow that is buoyant 

initially and behaves similarly to a non-buoyant jet close to the nozzle exit but can resemble a pure 

plume at a considerable distance where the momentum of the jet becomes insignificant compared to 

its buoyancy. 

The experiments conducted by Gupta et. al. [97] used different flow rates ranging from 0.05 g/s to 1.99 

g/s to emulate the leaks for a standard 5 kg tank used in commercial vehicles where they used helium 

instead of hydrogen since the physical behaviour of helium and hydrogen is similar and helium is safer 

due to its inert nature. To model the hydrogen leak three cases were selected: 1) a worst credible [99] 

leak according to BEVI manual [100], 2) highest flow rate from the experiment [97] i.e. 1.99g/s and 3) 

highest flow rate permissible by the EFCV [39], which is 3g/s.  

For the EFCV leakage, a rate of 2000 L/min or 3 g/s (T = 273.15 K, P = 1 atm) is considered [101] because 

this amount of leakage is comparable to the hydrogen consumption necessary for a fuel cell in a typical 

passenger car with an output of 200 kW. It's presumed to represent the maximum level of hydrogen 

leakage that wouldn't trigger the activation of the excess flow check valve (EFCV) which shuts off the 

hydrogen supply.  

Hence for modelling the hydrogen dispersion scenario leak rates of 1.99 g/s and 3 g/s are used. An 

additional leak scenario based on leak size defined by the BEVI manual[100] was explored since failure 

data related to hydrogen leaks in HFCEV are not widely available but BEVI leak dimensions (10mm 

diameter hole) will produce very high flow rates that will be cut off by the EFCV –yet this scenario was 

also considered for the anticipated failure of the EFCV. Complete failure of the tank leading to the total 

loss of containment was not considered because there are no documented cases of HFCEV tanks with 

this type of failure. Furthermore, fatigue tests conducted [102] found that, cyclic abrasion and fatigue 

in the tanks formed during its lifecycle was not ascribed to un-qualification of the material. For instance 

the presently deleted ISO/WD 12619-2 standard [103] mandated that a an impactor of 7.62 mm should 

not penetrate the tank or its associated high pressure supply systems of a HFCEV. Lui et. al. [98] 

modelled the hydrogen using an arbitrary rectangular orifice of 10 mm × 5 mm and it was found by 



Fire toxicity and vent gas hazards in electric and hydrogen vehicles: flammability, toxicity, and the role of Ventilation 

  35 

Gupta et. al. [97] that the flow velocity from the orifice did not play a significant role in the dispersion 

results and identified the mass flow rate as the most crucial parameter in dispersion modelling. The 

hydrogen leaks are modelled based on the Ewan-Moodie pseudo leak [88], one of the key 

assumptions verified during the dispersion modelling is the size of the flammable cloud formed and 

its dependence on discharge velocity.  

The vehicle is modelled with the same dimensions as the model used in the FDS simulation (section 

2.3.1), where the leak is modelled as downward facing under the vehicle (-Z direction). Previous 

experiments conducted [97,98,101] found that the dispersion cloud is observed far field from the 

source of the leak where the buoyancy and local airflow patterns will be the dominant factor in 

determining the size of the cloud. Hence to verify the observations of Gupta et. al. [97] and the  

inference that mass flow rate is the most crucial parameter to model dispersion three dispersion 

trial scenarios were setup for modelling the hydrogen leaks and the results from these cases will be 

used to evaluate the dependence of leak velocity on dispersion.  

Table 2.5 Trial scenarios to verify independence of discharge velocity on dispersion.  

Scenario ID  Scenario  Discharge velocity in -Z direction  

DT_H2_1.99_0_FDS Hydrogen dispersed with zero velocity -Z 

direction under the vehicle in FDS 

 0 m/s 

DT_H2_1.99_303_FLACS Hydrogen dispersed with velocity as per 

experiments conducted by Lui et. al. [98] in 

FLACS 

303 m/s 

DT_H2_1.99_1189_FLACS 
Hydrogen dispersed with choked flow 
estimated by Ewan-Moodie [88] 
assumption using FLACS  

1189 m/s  

All the scenarios listed in Table 2.5 were performed with a mass flow rate of 1.99 g/s. 

Analysing the outputs (Appendix A4) from scenarios listed in Table 2.5, it was found that the discharge 

velocity of hydrogen does not play a significant role in the final size of the flammable cloud in the 

domain. Hence the scenarios designed to model dispersion of hydrogen is detailed in Table 2.6. 

 

Figure 2.9 Graphical representation of hydrogen’s ideal gas assumption[104]. 
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To simplify modelling hydrogen leaks another assumption is considering hydrogen as an ideal gas 

(Figure 2.9) for dispersion modelling.  

Table 2.6 Key parameters used for source term modelling. 

Scenario ID Scenario  Source 
(enforced strict for 
choked flow)  

Leak rate  Ventilation  

D_H2_1.9_10ACH Highest mass flow 
from experiments 
conducted by Gupta 
et. al. 

10 mm  × 5 mm 1.99 g/s 10 ACH 

D_H2_3.0_10ACH Mass flow allowed 
by the EFCV  

10 mm × 5 mm 3 g/s 10 ACH 

D_H2_BEVI_10ACH BEVI manual 
prescribed leak  

10 mm diameter 
hole  

2.5 kg/s 10 ACH 

D_H2_3.0_RC Mass flow allowed 
by the EFCV  

10 mm × 5 mm 3 g/s XXXXO configuration 
recirculation  

D_H2_BEVI_RC BEVI manual 
prescribed leak  

10 mm diameter 
hole  

2.5 kg/s XXXXO configuration 
recirculation  

D_H2_3.0_NV Mass flow allowed 
by the EFCV  

10 mm × 5 mm 3 g/s Off 

D_H2_BEVI_NV BEVI manual 
prescribed leak  

10 mm diameter 
hole  

2.5 kg/s Off 

All the scenarios listed in Table 2.6 were performed with leak velocity of 1189 m/s (chocked flow). The 

flow is modelled in FLACS using Equation 2.1 to Equation 2.5.  

Speed of sound in an ideal gas: 

𝜇𝑠 =
√𝛾. 𝑇. 𝑅. 103

𝑀
 

Equation 2.1 

Speed of sound in an ideal gas: 

𝑃𝑐ℎ𝑜𝑐𝑘𝑒𝑑 = 𝑃𝑐𝑜𝑛𝑡 . (
2

𝛾 + 1
)

𝛾
𝛾−1

 Equation 2.2 

Temperature choked flow: 

𝑇𝑐ℎ𝑜𝑐𝑘𝑒𝑑 = 𝑇𝑐𝑜𝑛𝑡 . (
2

𝛾 + 1
) Equation 2.3 

Mass flow rate through the orifice: 

𝑚 = 𝐴𝑜𝑟𝐶𝐷𝑃𝑐𝑜𝑛𝑡 . 𝜓. √𝛾. (
2

𝛾 + 1
)

𝛾
𝛾−1

. (
𝑀

𝑍. 𝑇𝑐𝑜𝑛𝑡 . 𝑅. 103
)  Equation 2.4 
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 𝜓 for subsonic velocity: 

𝜓 = √
2

𝛾 − 1
. (

𝛾 + 1

2
)

𝛾
𝛾−1

. (
𝑃0

𝑃𝑐𝑜𝑛𝑡

)

2
𝛾

. (1 − (
𝑃𝑜

𝑃𝑐𝑜𝑛𝑡

)

𝛾−1
𝛾

) 

𝜓 = 1 for sonic velocity 
Equation 2.5 

 

Where , 

𝜇𝑠 Speed of sound in the gas (m/s)               𝑇 Temperature (K) 

𝛾 Ratio of specific heats                𝑅 Universal gas constant (J / mol)   

𝜓 Dimensionless factor                𝑀 Molecular weight (g) 

𝐴𝑜𝑟 Area of orifice (m2)  𝑃𝑐ℎ𝑜𝑐𝑘𝑒𝑑  Pressure (chocked) (Pa) 

𝐶𝐷 Coefficient of discharge           𝑃𝑐𝑜𝑛𝑡  Pressure (vessel) (Pa) 

 

2.3.4 Part 4 – Modelling of explosions  

Explosion modelling of flammable dispersion clouds formed due to vent gas emitted from battery 

packs during non-flaming thermal runaway and from leaks originating from tanks or piping of hydrogen 

fuel cell powered vehicles was performed on FLACS. Explosion modelling using FLACS is performed to 

analyse the flammable cloud formation and evaluate the consequences from the flammable cloud 

igniting. This is performed by creating dump files generated from the dispersion modelling (section 

2.3.2 and 2.3.3) and loading (Appendix A11) the dispersion cloud obtained from the dispersion 

simulation result as input to simulate the explosion and calculate overpressure (Figure 2.10.) 

The explosion is simulated by igniting the flammable cloud in the domain by setting the domain around 

the vehicle as an ignition zone (size- 5m x 5m x 3 m) where FLACS ignites the cloud where it is within 

its flammability limits. This is performed for results obtained from both part 2 (section 2.3.2) and part 

3 (section 2.3.3). The explosion modelling is carried out on the same grid used to perform dispersion 

modelling (Figure 2.10.) but changes are made in the numerical stability criteria this along with 

explosion model parameters are available in Appendix A10.  
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Figure 2.10 Process flow of importing dispersion results to FLACS for modelling explosions.  

The dispersion results are analysed to calculate the volume of the flammable cloud (Appendix A6 and  

A7) in the domain and an average flammable cloud volume is selected for ignition. The vehicle is 

modelled exactly as per part 2 (section 2.3.2) and part 3 (section 2.3.3) and is depicted in Figure 2.11 

(b) , this image shows the near field defined as a X-Y plane of 5m x 5 m  around the vehicle. The 

flammable cloud generated from the scenarios listed in Table 2.6 will be used to model the explosion 

in the geometry as defined in Figure 2.11 (a) which is the same geometry used in section  2.3.2 and 

2.3.3. 

(a) 

 

(b) 

 

Figure 2.11 (a) FLACS model to simulate the explosion, (b) FLACS model depicting the vehicle, which is highlighted 
in blue. Both are views from the X-Y plane. 

The effect of an explosion is exacerbated by confinement; hence the explosion is replicated with same 

geometry as depicted in Figure 2.11 (a) with additional obstructions being created near the original 

modelled vehicle (Figure 2.11 (b)) by placing vehicles adjacent to the original vehicle. This case is 
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illustrated in Figure 2.12 and will provide insight on changes in blast overpressure produced due to 

confinement. Two additional vehicles are placed 1 m adjacent to both sides along the X-axis to the 

original modelled car (in red) and an additional row of three vehicles are placed 3.2 m toward the +Y 

direction mirroring the configuration as shown in Figure 2.12; this is representative of a carpark with 

high level of service (LOS). These dimensions are used as per BS standard and industry practices used 

to design a car park bay [105], which should be at least 2.6 m wide and 5 m long, since our original 

vehicle is modelled with a width of 1.6 m hence leaves 0.55 m spare on each side of a car in a bay. 

 

Figure 2.12 Additional vehicles placed adjacent to the car with source term (red colour) to examine 
confinement (X-Y plane) 

The cars are modelled only considering the wheelbase of the vehicle because of variability in the actual 

length of the car, statistical data analysis was performed, and this size was chosen (section 2.3.1). For 

the easiness of discussion, the explosions modelled with only one vehicle (Figure 2.11 (b)) is labelled 

uncongested case and the case with 6 vehicles (Figure 2.12) is labelled as congested case. Therefore, 

the following cases were modelled as listed in Table 2.7. 

The scenarios are modelled to study the overpressure produced when a gas cloud is ignited and 

secondary effects of the explosion, such as debris from glass breakages are not studied. For explosion 

modelling the primary physical phenomenon to be modelled is the positive feedback loop that causes 

flame acceleration, pressure build-up, and blast wave generation between expansion-generated flow 

and increased rate of turbulent combustion. FLACS does not model the detonation process itself but a 

specified amount of explosive material is transformed into a high-pressure and high-temperature 

region that is used as initial condition for the simulation and implements a conservative shock-

capturing scheme to solve the Euler equations. 
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Table 2.7 List of scenarios developed for explosion modelling.  

Scenario ID ID of the dispersion cloud Congested* 
(Yes/No) 

EX_LFP_NV  D_LFP_NV  NO 

EX_LFP_RC D_LFP_RC NO 

EX_LFP_10ACH D_LFP_10ACH NO 

EX_H2_1.9_10ACH D_H2_1.9_10ACH NO 

EX_H2_3.0_10ACH D_H2_3.0_10ACH NO 

EX_H2_BEVI_10ACH D_H2_BEVI_10ACH NO 

EX_H2_3.0_RC D_H2_3.0_RC NO 

EX_H2_BEVI_RC D_H2_BEVI_RC NO 

EX_H2_3.0_NV D_H2_3.0_NV NO 

EX_H2_BEVI_NV D_H2_BEVI_NV NO 

EX_LFP_NV_C  D_LFP_NV  YES  

EX_LFP_RC_C D_LFP_RC YES  

EX_LFP_10ACH_C  D_LFP_10ACH YES  

EX_H2_3.0_NV_C D_H2_3.0_NV YES  

EX_H2_3.0_RC_C D_H2_3.0_RC YES 

EX_H2_3.0_10ACH_C  D_H2_3.0_10ACH YES  
*Congested(Yes/No) - No: means uncongested case. 
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3 Results and discussion 

Numerical simulations were performed for parts 1 to 4 (section 2.3.1 to 2.3.4) and the results and 

discussions are as follows.  

3.1  Part 1: Modelling of a full-scale BEV fire using FDS 

3.1.1 Scenario F_EV_XXXXO 

  

  

  

Figure 3.1 Scenario F_EV_XXXXO based on configuration XXXXO – Left column from top to bottom visualises 
FED in zones LI, C and RI, Right column from top to bottom visualises FIC in zones LI, C and RI. 

In this scenario there is no back-layering protection, recirculation is present in the enclosure which 

results in high level of FED in the LI and C zones (Figure 2.5). The threshold value of FED is 0.3 and it 

was found that this value is exceeded at Z = 2 m and 2.6 m in the recirculation zones (Figure 2.4).  
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3.1.2 Scenario F_EV_OXXXO 

  

  

  

Figure 3.2 Scenario F_EV_OXXXO based on configuration OXXXO – Left column from top to bottom visualises 
FED in zones LI, C and RI, Right column from top to bottom visualises FIC in zones LI, C and RI. 

This scenario offers very little protection from back-layering which is similar to scenario F_EV_XXXXO 

this is due to the strong recirculation pattern formed in zone C but the FED values are less than half 

compared to scenario F_EV_XXXXO. This is due to the accumulation of fire products in zone C which 

results in reduced concentration of species in LI and RI zones. The threshold value of FED is not crossed 

in this scenario.   
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3.1.3 Scenario F_EV_OOOOO 

  

  

  

Figure 3.3 Scenario F_EV_OOOOO based on configuration OOOOO – Left column from top to bottom visualises 
FED in zones LI, C and RI, Right column from top to bottom visualises FIC in zones LI, C and RI. 

This scenario offers good performance with respect to keeping FED values below the threshold level 

and prevents recirculation in the domain, but this configuration does not prevent back-layering 

because of insufficient longitudinal velocity (section 2.3.1) generated along the +Y direction.  

3.1.4 Scenario F_EV_XXOXX 

The scenario offers the ideal expected behaviour from a well-designed car park ventilation system. 

There is a strong longitudinal flow towards the exhaust that carries the toxic species produced from 

the fire since the flow is strong enough to overcome the thermally driven flow. There are two 

recirculation regions in RI and LI zones (Figure 2.3) but this recirculation does not reduce the 

effectiveness of the ventilation system. Also during practical implementation of the system will have  
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smoke barriers which will prevent the formation [81] of this recirculation zone and help channelize the 

flow. The FED threshold is never crossed in this scenario Figure 3.4 

  

  

  

Figure 3.4 Scenario F_EV_XXOXX based on configuration XXOXX – Left column from top to bottom visualises 
FED in zones LI, C and RI, Right column from top to bottom visualises FIC in zones LI, C and RI. 

The back-layering pattern formed due to scenarios F_EV_XXXXO, F_EV_OXXXO, F_EV_OOOOO and 

F_EV_XXOXX is depicted in Figure 3.5. In the configuration XXOXX (scenario F_EV_XXOXX), we observe 

some smoke egress due to the lack of smoke curtains which will avoid the back-layering. The key idea 

is preventing the air from taking the path of lowest resistance and bypassing the fire. Successfully 

creating flow patterns that carry products of combustion to the exhaust is the key to an optimally 

designed ventilation system.     
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(a) 

 

(b) 

 

(c) 

 

(d) 

 
 

Figure 3.5 Back-layering pattern in: (a) scenario F_EV_XXXXO, (b) scenario F_EV_OXXXO, (c) scenario 
F_EV_OOOOO and (d) scenario F_EV_XXOXX, observed at Z = 2 m in the X-Y plane -the fire source is placed in 

the centre of the domain. 

The back layering free distance is 15m as per the Belgian standard [81] After examining all the scenarios 

related to EV fires (section 3.1.1to 3.1.4), we can infer that from a viewpoint of toxicity affecting 

tenability in car parks, a BEV fire and an ICE fire can be treated the same – there is no need for special 

considerations for accounting EVs in a parking bay with respect to toxicity. Since parking standards are 

designed aimed at providing conditions for emergency personnel to intervene and facilitate evacuation 

of personnel before conditions become untenable. Since the geometry selected in this study aimed to 

replicate flow patterns a RSET analysis was not performed – this must be performed in case-to-case 

basis for comprehensive analysis of ASET-RSET. For this simulation a very conservative evacuation time 



  MSc. Thesis 

46   

(te) of 300s [106] was used to control the fans in the enclosure as per Figure 3.6 which based on CEN/TS 

12101-11 [107] and it was found that untenable conditions w.r.t toxicity is never reached in the 

enclosure.   

 

Figure 3.6 Ventilation control logic as per CEN/TS 12101-11 

 

The Belgian standard NBN S 21 208-2 2014 [81] prescribe a constant HRR of 8 MW for un- sprinkled 

enclosed car parks  this value is representative of the models built at the end of the 1990s, and take 

into account the spread of the fire from one wagon to another and corresponds to an average value of 

the heat capacity during the most severe. From the  a series of tests performed at INERIS [63] we can 

also conclude that the peak heat release rates and total energy release rates during a fire are 

comparable to past data.  

Considering that the practical tests produced fire which grew at a rate slower than the rapid growth 

used in the standard design curves confirming the fact that design fires used in current standards are 

conservative but this may not be valid in cases where fire spread between vehicles produce HRR 

greater than the design fire (which is not in the scope of this thesis) in which case personnel evacuation 

is possible before ASET but the design may fail in preventing back layering and smoke clearance. 

Another key observation from the INERIS test is that electric cars do not significantly increase toxic gas 

emissions, except for a delayed rise in hydrogen fluoride (HF) levels post-evacuation. The presence of 

modern-day plastics has also increased the toxicity of vehicle fire - irrespective of BEV or ICE.  To analyse 

toxicity a nuanced approach would be to rely of realistic gas emission curves and for this thesis the 

curves were used from RISE (Figure 2.8) but development of a dynamic species curve based  is 

particularly desirable in locations which may be utilizing stratification-based smoke strategies (such as 

tunnels) [108] . 

A concern that is beyond the scope of this thesis is the analysis of PAH transport during a fire and how 

PAH affects first responders, particularly while doffing their PPEs after intervention, currently NFPA 

heads research on PAH exposure on fire fighters [109]. Also, the impact of the species produced in the 

fire on the ventilation system is also not analysed.    
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3.2 Part 2: dispersion modelling of off gassing from non-flaming thermal 

runaway of LFP cells  

3.2.1 Scenario D_LFP_10ACH: Dispersion modelling performed with 10 air changes per 

hour.  

(a) 

 

(b) 

 

 

(c) 

 

(d) 

 

Figure 3.7 LFP vent gas cloud formed due to off gassing at 10 ACH. The contours depicts the gas in the 
flammability range: (a) flammable gas pocket formed under the vehicle, (b) flammable cloud observed in the X-

Y plane, (c) flammable cloud observed in the X-Z plane and (d) flammable cloud observed in the Y-Z plane. 

LFP off gassing in the enclosed space at 10 air changes per hour (Figure 3.7) resulted in a rich flammable 

pocket of gas that settles under the bottom of the vehicle due to the composition of the LFP vent gas 

( Table 2.3 ). The ventilation and air flow does not permit an accumulation of the gas far field from the 

vehicle. The flammable volume dissipates from the enclosed space in approximately 12 minutes. The 

cloud movement is predominantly towards the +Y direction with an average flammable gas volume of 

0.32 𝑚3(Appendix A6). 
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3.2.2 Scenario D_LFP_RC: Dispersion modelling performed with recirculation patterns 

The dispersion is modelled with air flow patterns as per configuration XXXXO (Figure 2.4); this results 

in a similar pattern observed as in part 3.2.1. The fringes of the gas pocket formed creates a low hanging 

flammable cloud that extends until 1.5 m away from the vehicle which dissipates to non-flammable 

concentrations below LEL (Figure 3.8). The flammable cloud dissipates from the domain after 

approximately 13 minutes with an average flammable volume of 0.41 𝑚3(Appendix A6). Higher rate 

of mixing was observed compared to the behaviour of the cloud under 10 ACH and the movement of 

the cloud was erratic due to the recirculation patterns within the domain. The largest flammable cloud 

volume is created in this case with respect to dispersion with 10 ACH and no ventilation. This case was 

also run with maximum ventilation of 200000 𝑚3/ℎ , which resulted in the flammable cloud being 

vented out in the same time without recirculation but resulted in the formation of a vapour cloud 

limited to a pocket under the vehicle. 

(a) 

 

(b) 

 

 

(c) 

 

(d) 

 

Figure 3.8 LFP vent gas cloud formed due to off gassing with recirculation- the contour depicts the gas in the 
flammability range. (a) flammable gas pocket formed under the vehicle, (b) flammable cloud observed in the X-

Y plane, (c) flammable cloud observed in the X-Z plane and (d) flammable cloud observed in the Y-Z plane. 
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3.2.3 Scenario D_LFP_NV: Dispersion modelling performed without ventilation 

When the ventilation was completely turned off the gas dissipated evenly from the fuel rich pocket 

formed under the vehicle outwards. The flammable cloud remained in the domain for 14 minutes. The 

cloud dissipated evenly outwards in all the directions (Figure 3.9) with the average flammable cloud 

volume of 0.3  𝑚3(Appendix A6). The time to vent the flammable cloud naturally without the support 

of ventilation is greater than both the recirculation and 10 ACH cases. 

(a) 

 

(b) 

 

 

(c) 

 

(d) 

 

Figure 3.9 LFP vent gas cloud formed due to off gassing without ventilation- the contour depicts the gas in the 
flammability range. (a) flammable gas pocket formed under the vehicle, (b) flammable cloud observed in the X-

Y plane, (c) flammable cloud observed in the X-Z plane and (d) flammable cloud observed in the Y-Z plane. 
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3.3 Part 3: Modelling of hydrogen dispersion 

3.3.1 Dispersion modelling performed with 10 air changes per hour 

Scenario D_H2_1.91_10ACH: Hydrogen being extremely buoyant immediately moves outwards from 

under the vehicle to settle below the roof of the parking lot. A leak rate of 1.9 grams per second was 

insufficient to form a stable layer of hydrogen under the roof and the constant air circulation resulted 

in the hydrogen being dissipated as soon as it moved outwards from under the vehicle( Figure 3.10). 

(a) 

 

(b) 

 

 

(c) 

 
(d) 

 

Figure 3.10 Hydrogen cloud formed due to leak at the rate of 1.99 g/s at 10ACH. The contour depicts the gas in 
the flammability range: (a) flammable gas pocket formed under the vehicle, (b) flammable cloud observed in the 
X-Y plane, (c) flammable cloud observed in the X-Z plane and (d) flammable cloud observed in the Y-Z plane. 

 

Scenario D_H2_3.0_10ACH: Whereas when the leak rate was increased to 3 grams per second there is 

a consistent gas pocket under the car which flows outwards and settles under the roof. The flammable 

gas layer formed under the roof is less than 5 cm thick with a footprint less than 2.5 m x 0.5 m (Figure 

3.11) with an average flammable cloud volume of 2.85 𝑚3 (Appendix A7). 
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(a) 

 

(b) 

 

 

(c) 

 
 

(d) 

 

Figure 3.11 Hydrogen cloud formed due to leak at the rate of 3 g/s at 10ACH. The contours depicts the gas in the 
flammability range: (a) flammable gas pocket formed under the vehicle, (b) flammable cloud observed in the X-Y 
plane, (c) flammable cloud observed in the X-Z plane and (d) flammable cloud observed in the Y-Z plane. 

Scenario D_H2_BEVI_10ACH: When the leak rate was increased to 2.5 kg/s (as per BEVI) which empties 

the tank within 3 seconds hence the released hydrogen is carried away by the momentum outwards 

from under the vehicle pushing out any hydrogen stagnant under the car. The release also created two 

distinct flammable clouds (Figure 3.12), which took 107 seconds to dissipate into non-flammable 

concentrations. This flammable cloud reached a maximum volume of 550 𝑚3 and an average volume 

of 12.52 𝑚3( Appendix A7). 
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Figure 3.12 Hydrogen cloud formed due to leak at the rate of 2.5 kg/s at 10ACH. The contour depicts the gas in 
the flammability range: (a) flammable gas pocket formed under the vehicle, (b) flammable cloud observed in the 
X-Y plane, (c) flammable cloud observed in the X-Z plane and (d) flammable cloud observed in the Y-Z plane. 

3.3.2 Dispersion modelling performed with recirculation patterns 

Scenario D_H2_3.0_RC: The recirculation pattern created by the XXXXO configuration( Figure 2.4) was 

simulated using a leak rate of 3 g/s and 2.5 kg/s. The recirculation pattern resulted in more stagnation 

in the domain which resulted in less effective dispersion compared to 10 ACH. When hydrogen leaked 

at a rate of 3 g/s it led to the formation of a large flammable cloud of approximately 5m x 2.5 m x 0.1 

m (Figure 3.13) with a volume of 9.693 𝑚3 (Appendix A7), this cloud was constantly present under the 

roof till the end of the leak duration. 
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Figure 3.13 Hydrogen cloud formed due to leak at the rate of 3 g/s with recirculation. The contours depicts the 
gas in the flammability range: (a) flammable gas pocket formed under the vehicle, (b) flammable cloud 

observed in the X-Y plane, (c) flammable cloud observed in the X-Z plane and (d) flammable cloud observed in 
the Y-Z plane. 

Scenario D_H2_BEVI_RC: Two distinct dispersion cloud with peak flammable volume of 650 𝑚3  (Figure 

3.14) and an average volume of 51 𝑚3 (same observations as per section 3.3.1) were observed when 

a leak rate of 2.5 kg/s (as per BEVI) is introduced in the domain but in this recirculation case the 

flammable cloud took approximately 375 seconds to dissipate into non-flammable concentrations.   
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Figure 3.14 Hydrogen cloud formed due to leak at the rate of 2.5 kg/s with recirculation. The contours depicts 
the gas in the flammability range: (a) flammable gas pocket formed under the vehicle, (b) flammable cloud 

observed in the X-Y plane, (c) flammable cloud observed in the X-Z plane and (d) flammable cloud observed in 
the Y-Z plane. 

3.3.3 Dispersion modelling performed without ventilation 

Scenario D_H2_3.0_NV: When simulations in section  3.3.1 were repeated without ventilation, similar 

behaviour was observed as cases with ventilation running at 10 ACH. In case of the 3 g/s leak the 

average flammable cloud volume was observed to be 3.14 𝑚3 (Figure 3.15)whereas the average 
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flammable cloud volume in case of 2.5 kg/s leak rate is observed to be 17.12 𝑚3 which dissipated to 

non-flammable concentrations after 135 seconds. 

(a) 

 
 

(b) 

 

 

(c) 

 

(d) 

 

Figure 3.15 Hydrogen cloud formed due to leak at the rate of 3 g/s without ventilation. The contours depicts the 
gas in the flammability range: (a) flammable gas pocket formed under the vehicle, (b) flammable cloud 

observed in the X-Y plane, (c) flammable cloud observed in the X-Z plane and (d) flammable cloud observed in 
the Y-Z plane. 
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Figure 3.16 Hydrogen cloud formed due to leak at the rate of 2.5 kg/s without ventilation. The contours depicts 
the gas in the flammability range: (a) flammable gas pocket formed under the vehicle, (b) flammable cloud 

observed in the X-Y plane, (c) flammable cloud observed in the X-Z plane and (d) flammable cloud observed in 
the Y-Z plane. 

Scenario D_H2_BEVI_NV: In this scenario (Figure 3.16), the momentum of the leak carries a portion of 

the flammable cloud away toward the entrance of the enclosure (towards -Y direction). Two distinct 

dispersion clouds are initially formed which break into smaller clouds with peak flammable volume of 

550 𝑚3 and an average volume of 17 𝑚3 the lack of ventilation and the high momentum of the leak 

pushed the smaller flammable clouds outside the enclosure via the entrance. The flammable cloud 

dissipated in approximately 125 seconds. 
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3.4 Part 4: Explosion modelling  

3.4.1 Explosion modelling of LFP battery off gassing 

3.4.1.1 Scenario EX_LFP_10ACH: Explosion modelled at 10 ACH 

The simulation is performed without congestion from other vehicles, the LFP gas cloud ignited when 

the ventilation was 10 ACH resulting in a peak overpressure of 0.01 bar. This peak pressure wave moves 

towards +Y direction which was initially observed near the vicinity of the vehicle up to Y = 22 m (Figure 

3.17). The blast wave travelled though the domain dissipating to values below 0.002 bars and the effect 

extended from X = 0 to 30 and Y= 5 to 25. In addition, the blast wave bounced on the +Y face and 

moved towards the -Y direction.  

(a.1) 

 

(a.2) 
 

 
   

 

(b.1) 

 

(b.2) 

 

Figure 3.17 Overpressure generated during the explosion of the average flammable cloud formed due to LFP off 
gassing at 10ACH. (a.1) XY plane, (a.2) YZ plane at the time of ignition (t) (see appendix A11 ), (b.1) XY plane and 
(b.2) YZ plane at t + 0.025 s. 
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3.4.1.2 Scenario EX_LFP_RC: Explosion modelled with recirculation 

When this flammable cloud is ignited a symmetric blast wave propagation(Figure 3.18) is observed 

with a peak overpressure of 0.010 bars this is due to the recirculation creating a concentrated pocket 

of gas in the vicinity of the vehicle, this peak overpressure region is larger than all the uncongested 

cases of explosion modelling associated with off gassing from LFP cells and this peak pressure region 

stretches between X= 5 to 25 and Y= 7 to 20.  

(a.1) 

 

(a.2) 

 

 

(b.1) 

 

(b.2) 

 

(c.1) 

 

(c.2) 

 

Figure 3.18 Overpressure generated during the explosion of the average flammable cloud formed due to LFP off 
gassing with recirculation. (a.1) XY plane, (a.2) YZ plane at the time of ignition (t) (see appendix see appendix 

A11 ), (b.1) XY plane, (b.2) YZ plane at t + 0.050 s, (c.1) XY plane and (c.2) YZ plane at t + 0.100 s. 
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3.4.1.3 Scenario EX_LFP_NV: Explosion modelled without ventilation 

When this gas cloud is ignited the blast wave propagation is similar to the cloud ignited with 

recirculation, i.e scenario EX_LFP_RC the peak overpressure is 0.01 bars but it only covers a relatively 

small area close to the vehicle (Figure 3.19 b.1 and b.2). Whereas the domain is affected by an 

overpressure in the range of 0.002 to 0.007 bars. 

(a.1) 

 

(a.2) 

 

 

(b.1) 

 

(b.2) 

 

(c.1) 

 

(c.2) 

 
 
  

Figure 3.19 Overpressure generated during the explosion of the average flammable cloud formed due to LFP off 
gassing without ventilation. (a.1) XY plane, (a.2) YZ plane at the time of ignition (t) (see appendix see appendix 

A11 ), (b.1) XY plane, (b.2) YZ plane at t + 0.050 s, (c.1) XY plane and (c.2) YZ plane at t + 0.100 s  

3.4.2 Explosion modelling of hydrogen dispersion clouds  

3.4.2.1 Explosion modelling at 10 ACH  

The scenario EX_H2_1.9_10ACH (Figure 3.20), EX_H2_3.0_10ACH (Figure 3.21) and 

EX_H2_BEVI_10ACH (Figure 3.22) were modelled with FLACS. The leak rate of 1.9 g/s produced a 

dispersion cloud that moved towards the exhaust in the +Y direction as depicted in Figure 3.10. The 
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ignition of this cloud led to the formation of high overpressure region close to the vicinity of the vehicle 

as depicted in Figure 3.20 a.1 and a.2, after 0.025 s of the initial ignition the wave transitions to a 

symmetric blast wave stretching outwards with overpressures ranging from 0.003 to 0.01 bars. When 

the blast wave hits the wall there is compression increasing the overpressure to 0.01 bars near the wall 

boundary (Figure 3.20 c.1 and c.2) 

(a.1) 

 

(a.2) 

 
 

 

(b.1) 

 

(b.2) 

 

(c.1) 

 

(c.2) 

 

Figure 3.20 Overpressure generated during the explosion of the average flammable cloud formed due to 
hydrogen leak at 1.99 g/s at 10ACH. (a.1) XY plane, (a.2) YZ plane at the time of ignition (t) (see appendix A11), 

(b.1) XY plane, (b.2) YZ plane at t + 0.025 s, (c.1) XY plane and (c.2) YZ plane at t + 0.050 s. 

In the case of scenario EX_H2_3.0_10ACH, Figure 3.21 a.1 and a.2 depict a high overpressure region 

near the car during ignition of the flammable cloud which transitions to a symmetric blast wave that 

extends outwards a broader ring of 0.01 bar overpressure with narrow fringes of 0.02 bar within it 

(Figure 3.21 b.1 and b.2). As the blast wave hits the wall there is compression increasing the 

overpressure to 0.01 bars near the walls (Figure 3.21 c.1 and c.2) 
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Figure 3.21 Overpressure generated during the explosion of the average flammable cloud formed due to 
hydrogen leak at 3 g/s at 10ACH. (a.1) XY plane, (a.2) YZ plane at the time of ignition (t) (see appendix A11) , 

(b.1) XY plane, (b.2) YZ plane at t + 0.025 s, (c.1) XY plane and (c.2) – YZ plane at t + 0.050 s. 

When the dispersion cloud D_H2_BEVI_10ACH (BEVI case) which was primarily settled under the roof 

is ignited it created a downward blast wave towards -Y direction (Figure 3.22). Overpressures as high 

as 0.08 bars are reached in the domain. This scenario produces significantly higher overpressure due 

to the quantity of the gas participating in the combustion and the partial confinement created by the 

cloud along with the confinement near the walls towards the +Y direction. The blast wave reduces in 

intensity as we move towards -Y direction and dissipates to 0.0015 bar near the entrance.  
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Figure 3.22 Overpressure generated during the explosion of the average flammable cloud formed due to 
hydrogen leak at 2.5 kg/s at 10ACH. (a.1) XY plane, (a.2) YZ plane at the time of ignition (t) (see appendix A11 ), 

(b.1) XY plane, (b.2) YZ plane at t + 0.025 s, (c.1) XY plane and (c.2) YZ plane at t + 0.150 s. 

3.4.2.2 With recirculation  

Scenario EX_H2_3.0_RC: When the cloud from D_H2_3.0_RC is ignited we do not observe comparable 

pattern with respect to the EX_H2_3.0_10ACH scenario, the recirculation promoted mixing in the gas 

cloud trying to settle under the roof, this increased the flammable volume of the cloud and at the same 

time spread the cloud over a larger area reducing the partial confinement of the cloud which resulted 

in the reduced over pressure and irregular blast wave shape(Figure 3.23). When the blast wave hits the 

wall, it creates overpressure of 0.01 in the boundary. 
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Figure 3.23 Overpressure generated during the explosion of the average flammable cloud formed due to 
hydrogen leak at 3 g/s with recirculation. (a.1) XY plane, (a.2) YZ plane at the time of ignition (t) (see appendix 

A11 ), (b.1) XY plane, (b.2) YZ plane at t + 0.025 s, (c.1) XY plane and (c.2) YZ plane at t + 0.050 s. 

 

Scenario EX_H2_BEVI_RC: Similar blast wave pattern as scenario EX_H2_BEVI_10ACH but with reduced 

overpressure due to reduced partial confinement caused by an increased mixing promoted by 

recirculation zones, peak overpressure in the vicinity of the vehicle is 0.03 bars and over pressure values 

between 0.08 and 0.1 bars near the boundary wall (Figure 3.24). 
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Figure 3.24 Overpressure generated during the explosion of the average flammable cloud formed due to 
hydrogen leak at 2.5 kg/s with recirculation. (a.1) XY plane, (a.2) YZ plane at the time of ignition (t) (see 

appendix A11 ), (b.1) XY plane, (b.2) YZ plane at t + 0.025 s, (c.1) XY plane and (c.2) YZ plane at t + 0.050 s. 

3.4.2.3 No Ventilation  

Scenario EX_H2_3.0_NV: This scenario exhibits similar behaviour as EX_H2_3.0_10ACH but due to 

accumulation of the flammable cloud under the roof above the vehicle there is partial confinement of 

the H2 cloud, which creates higher amount of overpressure with peak values of 0.02 bars (Figure 3.25). 

Further away from the vehicle due to interaction of the blast wave on boundary walls there is an 

increase of overpressure in the range of 0.01 to 0.02 bars. 
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Figure 3.25 Overpressure generated during the explosion of the average flammable cloud formed due to 
hydrogen leak at 3 g/s without ventilation. (a.1) XY plane, (a.2) YZ plane at the time of ignition (t) (see appendix 

A11 ), (b.1) XY plane, (b.2) YZ plane at t + 0.025 s, (c.1) XY plane and (c.2) YZ plane at t + 0.050 s. 

Scenario EX_H2_BEVI_NV: This scenario deviates from other H2 leaks prescribed by BEVI (Scenario 

EX_H2_BEVI_10ACH and EX_H2_BEVI_RC) because of the lack of air flow in the domain, the initial 

momentum driven flow pushes H2 away from the source of the leak which breaks up into smaller 

flammable clouds (Figure 3.16) and these clouds leave the enclosed environment due to lack of 

ventilation pulling the cloud toward the exhaust. This resulted in only a portion of the flammable cloud 

participating in the ignition which resulted in the reduced over pressure as well as pushing these 

flammable clouds away from the enclosure (Figure 3.26). 
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Figure 3.26 Overpressure generated during the explosion of the average flammable cloud formed due to 
hydrogen leak at 2.5 kg/s without ventilation. (a.1) XY plane, (a.2) YZ plane at the time of ignition (t) (see 
appendix A11 ), (b.1) XY plane, (b.2) YZ plane at t + 0.025 s, (c.1) XY plane and (c.2) YZ plane at t + 0.050 s. 

Due to this nature of dispersion the flammable cloud that participated in the ignition is in the extreme 

+Y side of the enclosure which resulted in a blast wave that moved from +Y to -Y direction with peak 

overpressure of 0.01 bars near the vehicle and the boundary walls. The results of the dispersion and 

explosion modelling (from section 3.2 to 3.4) are summarized in Table 3.1. 
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Table 3.1 Summary of results from dispersion and explosion modelling  

Scenario ID 
(Dispersion) 

Peak 
flammable 

volume 
(m3) 

Average 
flammable 

volume 
(m3) 

Peak 
overpressure 

near field 
(bar) 

Overpressure 
near the 

boundary 
walls (bar) 

Peak 
overpressure 

under the 
vehicle (bar) 

Scenario ID 
(Explosion) 

D_LFP_NV 0.7 0.31 0.007 0.0015-0.007 0.002 EX_LFP_NV 

D_LFP_RC 1.25 0.41 0.01 0.0015-0.007 0.002 EX_LFP_RC 

D_LFP_10ACH 0.7 0.32 0.01 0.007-0.01 0.002 EX_LFP_10ACH 

D_H2_1.9_10ACH 3 1.25 0.01 0.003-0.01 0.35 EX_H2_1.9_10ACH 

D_H2_3.0_10ACH 4 2.85 0.02 0.0015-0.01 0.35 EX_H2_3.0_10ACH 

D_H2_3.0_RC 20 9.69 0.03 0.0015-0.01 0.35 EX_H2_3.0_RC 

D_H2_3.0_NV 4.5 3.14 0.02 0.0015-0.01 0.35 EX_H2_3.0_NV 

D_H2_BEVI_10ACH 550 12.52 0.08 0.0015-0.01 0.002 EX_H2_BEVI_10ACH 

D_H2_BEVI_RC 650 51.08 0.05 0.0015-0.08 0.002 EX_H2_BEVI_RC 

D_H2_BEVI_NV 550 17.12 0.01 0.0015-0.01 0.002 EX_H2_BEVI_NV 

From Table 3.1 we can observe that for dispersion clouds created by off gassing of LFP cells under no 

ventilation and 10ACH condition, flammable volume of gas formed is not significantly different 

whereas recirculation patterns exacerbate the condition and creates a higher flammable volume which 

is almost 78.75 % greater than at 10ACH. This pattern is also observed in hydrogen dispersion at 3 g/s 

where the no ventilation condition produced a flammable volume only 12.5 % greater than with 10ACH 

ventilation, on the contrary the recirculation case produced a flammable cloud volume 400 % greater 

than the 10ACH scenario. In case of the H2 dispersion as per BEVI, 10ACH and no ventilation conditions 

produced identical dispersion patterns whereas the recirculation case produced a flammable cloud 

18.18 % greater than 10ACH and no ventilation conditions. A significant observation is that if the 

ventilation system is not designed optimally accounting for recirculation activating the system would 

exacerbate the situation to worse in terms of increasing the flammable volume of the cloud. 

If a critical flow velocity[91,107] across the cross section is maintained without recirculation the 

flammable cloud is only limited to settling under the vehicle in all cases except 2.5kg/s hydrogen leak. 

When the ventilation was run at variable rates the LFP and H2 leaks were not able to stabilize (Appendix 

A12) and form a flammable cloud at velocities greater than 0.9 m/s with the exception of a flammable 

pocket of gas formed under the vehicle. Hydrogen dispersion was more sensitive to changes in flow 

rates whereas LFP vent gas was least sensitive as the flammable pocket was mostly under the vehicle.  

From the results of the explosion modelling, we can observe that when the gas cloud formed due to 

LFP off gassing is ignited, both recirculation and the 10 ACH scenarios produced same peak over 

pressure whereas the no ventilation case produced lesser overpressure. This is attributed to the fact 

that LFP off gassing produced both heavier and lighter clouds and in case of no ventilation a portion of 

the gas migrated outside of the enclosure via the exit, whereas the 10 ACH and recirculation case 

promoted the flammable cloud to remain in the domain for a longer period of time. The 3 g/s hydrogen 

leak resulted in higher overpressure for the recirculation case because of the formation of a larger 

flammable cloud due to mixing induced by the recirculation flow, whereas the 10ACH and no 
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ventilation cases produced similar dispersion clouds which are predominantly dominated by the 

buoyancy driven flow of hydrogen. 

In case of the hydrogen leak as per BEVI, a very large quantity of hydrogen gets introduced in the 

domain which is predominantly driven by momentum. The recirculation and 10ACH cases result in 

greater retention of flammable cloud within the enclosure resulting in higher overpressure. When the 

gas cloud is ignited the influence of partial confinement due to gas is also observed. On the other hand, 

in case of the no ventilation scenario a portion of the flammable cloud breaks and moves towards the 

entrance of the enclosure which is further pushed away due to ignition of the flammable cloud present 

near the exhausts hence resulting in lower over pressure compared to 10 ACH and recirculating cases. 

The results point to the fact that a poorly designed ventilation system is worse than not having a 

ventilation system. This is important in the case of ventilation standards that fix RWA [81] zone and 

avoid recirculation air flow. But these recirculating zones area assessed when the ventilation system is 

working at capacity whereas there may be stagnation zones created during normal air changes. These 

recirculation zones created in the domain may result in cases where battery off gassing and hydrogen 

leaks forming larger flammable volume and in turn higher peak overpressures during ignition. 

From the scenarios addressed and based on Table 1.10, we can assess the potential consequences of 

the overpressure case due to the explosion. The highest overpressure values are observed under the 

vehicle which is caused by the confinement of the gas pocket, this value is particularly high for 

hydrogen creating an overpressure of 0.35 bars which is sufficient to destroy the car whereas in the 

near field of the vehicle a peak overpressure of 0.01 and 0.03 bars was observed for hydrogen leaks of 

1.99 g/s and 3 g/s. An overpressure of 0.01 will result in glass breakages whereas 0.03 corresponds to 

minor structural damage. In case of hydrogen leaks as prescribed by BEVI, a peak overpressure of 0.05 

and 0.08 was observed. This overpressure values are sufficient to cause structural damage and partial 

demolition of structures. BEVI [100] leak frequency is 1 X 10-6
 per year and for this event to materialise 

the  EFCV should also fail simultaneously, the failure data of hydrogen EFCV is not widely available but 

considering the very low leak frequency this case can be treated as a marginal event.  

3.4.3 Explosion modelling with congestion  

3.4.3.1 Scenario EX_LFP_NV_C  

This scenario is EX_LFP_NV (section 3.4.1.3) with congestion (Figure 3.27), this produces the same 

overpressure results as the uncongested case but the area being covered by the peak overpressure i.e. 

0.01 bar is greater due to the additional confinement (Figure 3.27 b.1 and b.2 ). 
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Figure 3.27 Overpressure generated during the explosion of the average flammable cloud formed due to LFP off 
gassing with no ventilation and congestion. (a.1) XY plane, (a.2) YZ plane at the time of ignition (t) (see appendix 

A11 ), (b.1) XY plane, (b.2) YZ plane at t + 0.025 s, (c.1) XY plane and (c.2) YZ plane at t + 0.050 s. 

3.4.3.2 Scenario EX_LFP_RC_C  

This scenario is EX_LFP_RC (section 3.4.1.2) with congestion (Figure 3.28). This case produced similar 

peak overpressure values as the uncongested case but the area covered by the peak overpressure of 

0.01 bar in XY plane is much less compared to the uncongested case and the force of the blast is 

redirected to the +Z direction. Additionally, the obstructions broke the blast wave propagation and 

reduced the intensity of the wave hitting the boundary wall.   
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Figure 3.28 Overpressure generated during the explosion of the average flammable cloud formed due to LFP off 
gassing with recirculation and congestion. (a.1) Y plane, (a.2) YZ plane at the time of ignition (t) (see appendix 

A11 ), (b.1) XY plane, (b.2) YZ plane at t + 0.025 s, (c.1) XY plane and (c.2) YZ plane at t + 0.050 s. 

3.4.3.3 Scenario EX_LFP_10ACH_C 

This scenario is EX_LFP_10ACH (section 3.2.1) with congestion( Figure 3.29). In this scenario there was 

no major changes in the overpressure values registered compared to the uncongested case. A major 

difference is the change in size and shape of the blast wave due to the additional obstructions present 

which broke up the dispersion cloud but there was no significant difference observed between 

congested and uncongested case.  
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Figure 3.29 Overpressure generated during the explosion of the average flammable cloud formed due to LFP off 
gassing at 10ACH and congestion. (a.1) XY plane, (a.2) YZ plane at the time of ignition (t) (see appendix A11 ), 

(b.1) XY plane, (b.2) YZ plane at t + 0.025 s, (c.1) XY plane and (c.2) YZ plane at t + 0.050 s. 

 

3.4.3.4 Scenario EX_H2_3.0_NV_C  

This scenario is EX_H2_3.0_NV (section 3.4.2.3) with congestion (Figure 3.30). Here the peak 

overpressure is lesser than the uncongested case because the larger part of the hydrogen cloud is 

settled under the roof – when this ignited the blast wave is broken by the congestion and the 

overpressure wave produced under the vehicle does not travel far enough to interact with the 

obstructions in all the directions as the uncongested case and this scenario resulted in the blast wave 

lasting an additional 0.1 seconds more than the uncongested case. 
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Figure 3.30 Overpressure generated during the explosion of the average flammable cloud formed due to 
hydrogen leak at 3 g/s and no ventilation and congestion. (a.1) XY plane, (a.2) YZ plane at the time of ignition (t) 
(see appendix A11), (b.1) XY plane, (b.2) YZ plane at t + 0.025 s, (c.1) XY plane and (c.2) YZ plane at t + 0.050 s. 

3.4.3.5 Scenario EX_H2_3.0_RC_C  

This scenario is EX_H2_3.0_RC (section 3.4.2.2) with congestion (Figure 3.31). Here we observe a 

reduction in the peak overpressure because of the additional obstructions preventing accumulation of 

a partially confined gas cloud. Peak overpressure in the near field was registered as 0.007 bars and the 

boundary walls registered overpressure less than 0.002 bars. 
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Figure 3.31 Overpressure generated during the explosion of the average flammable cloud formed due to 
hydrogen leak at 3 g/s with recirculation and congestion. (a.1) XY plane, (a.2) YZ plane at the time of ignition (t) 

(see appendix A11 ), (b.1) XY plane, (b.2) YZ plane at t + 0.025 s, (c.1) XY plane, (c.2) YZ plane at t + 0.050 s. 

3.4.3.6 Scenario EX_H2_3.0_10ACH_C  

This scenario is EX_H2_3.0_10ACH (section 3.4.2.1) with congestion (Figure 3.32) and here the peak 

overpressure generated is lesser than the uncongested case. Due to the 10ACH ventilation creating 

channelized flow splitting the cloud into smaller pockets, plus the blast wave travels from the roof 

down to the vehicles which alters the shape of the blast wave with peak overpressure of 0.007 bars in 

the near field. 
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Figure 3.32 Overpressure generated during the explosion of the average flammable cloud formed due to 
hydrogen leak at 3 g/s at 10ACH and congestion. (a.1) XY plane, (a.2) YZ plane at the time of ignition (t) 

(appendix A11), (b.1) XY plane, (b.2) YZ plane at t + 0.025 s, (c.1) XY plane and (c.2) YZ plane at t + 0.050 s. 

The results from explosion modelling performed with congestion are summarized and compared with 

uncongested scenarios in Table 3.2. 

Table 3.2 Comparison of explosion modelling congested v/s uncongested scenarios.  

Scenario ID 
(Dispersion) 

Uncongested case Congested case 

Peak 
overpressure 

near field 
(bar) 

Overpressure 
near the 

boundary 
walls (bar) 

Peak 
overpressure 

under the 
vehicle (bar) 

Peak 
overpressure 

near field 
(bar) 

Overpressure 
near the 

boundary 
walls (bar) 

Peak 
overpressure 

under the 
vehicle (bar) 

D_LFP_NV 0.01 0.0015-0.007 0.002 0.01 0.0015-0.0020 0.002 

D_LFP_RC 0.01 0.0015-0.007 0.002 0.01 0.0015-0.01 0.002 

D_LFP_10ACH 0.01 0.007-0.01 0.002 0.01 0.0015-0.003 0.002 

D_H2_3.0_10ACH 0.02 0.0015-0.01 0.35 0.007 0.0015-0.003 0.35 

D_H2_3.0_RC 0.03 0.0015-0.01 0.35 0.007 0.0015-0.002 0.35 

D_H2_3.0_NV 0.02 0.0015-0.01 0.35 0.007 0.0015-0.003 0.35 
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BEVI cases were not replicated with congestion since the aim of introducing congestion was to 

understand the role of confinement in exacerbation of the consequence of an explosion. In case of the 

BEVI scenarios, the hydrogen is already accumulated under the roof and no gas pocket was subjected 

to confinement. From Table 3.2 we can observe that congestion of LFP off gassing cases in all three 

ventilation configuration results in higher overpressure in the far field. The near field overpressure was 

same as uncongested configuration, but the area covered by the peak overpressure was slightly bigger. 

The shape of the blast wave is also different where the blast wave was predominantly directed 

upwards in the +Z direction. 

In case of hydrogen leaks the peak overpressure near field of the leak was lesser than the overpressure 

experienced in uncongested cases. This is attributed to the fact that hydrogen gas cloud was 

predominantly settled under the roof and when this volume of gas participated in the ignition the blast 

wave directed towards -Z direction. The presence of congestion also resulted in discontinuous 

hydrogen clouds that participated later in the ignition which reduced the amount of fuel participating 

in the combustion. The effect of congestion in hydrogen explosion is an increase in the explosion 

duration which lasted 0.1 seconds more than uncongested case. These observations cannot be 

generalized and warrant a case-to-case analysis to account for blast wave behaviour which is subjected 

to geometry and level of service of the car park.  

Considering the consequence from the overpressure (Table 1.10 ) the over pressure values of 0.01 bars 

is the threshold for glass breakages and 0.02 result in 50% of window glass being broken and some 

minor damage to ceilings. Overpressure close to 0.03 bars will result in limited minor structural 

damage. This indicates hydrogen leaks (3 g/s) with recirculation in the near field may contribute to 

minor structural damage. There is also no drastic increase in overpressure when congestion was 

introduced and major difference is the reduction of the blast wave in the boundary which may result 

in breakage of large window panes or windows already under strain and potentially creating loud noise. 

Since the BEVI case is marginal and derived from the process industry, this case is catastrophic as 

overpressure as high as 0.08 bar is produced which would potentially demolish structures partially.  
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4 Conclusions and future work 

4.1 Conclusion  

Numerical simulations were performed for the BEV fires under varying ventilation conditions to analyse 

the toxicity from EV fires and to highlight the importance of smoke clearance and prevention of back 

layering. The configurations that produced recirculation patterns namely XXXXO and OXXXO resulted 

in higher accumulation of toxic products in the enclosure compared to the configuration OOOOO and 

XXOXX. The simulations were conducted without factoring in smoke barriers but to analyse the flow 

patterns within the enclosure.  

Higher recirculation flows contributed to increased accumulation of toxic compounds in the enclosure 

resulting in increased FED values. Since RSET analysis was not performed, a very conservative value of 

300 s was used in the simulation to turn on the ventilation fans and it was found that threshold of 

toxicity was not at risk even with recirculation flows, but this observation cannot be generalized since 

it heavily depends on geometry. But the recirculation patterns interfere with intervention from the 

first responders and the mandated back layering free distance of 15 m is not met. Additional impulse 

ventilation system or channelization may be provided to prevent the back layering and meet the critical 

velocity to overcome the thermally driven flow from the fire.  

The above observations are invariant and irrespective of the source of the fire, where most design 

curves used are conservative to account a single EV on fire as their total heat release (THR) and Peak 

heat release rate (PHHR) are considerably close but the problem becomes complicated when fire 

spread is considered. Since EV fires exhibit a sharp PHHR and multiple EVs on fire may be an issue for 

an emergency intervention perspective but this has not been explored since it was beyond the scope 

of the thesis and from literature review a fire fully involving multiple vehicles is statistically uncommon 

compared to single vehicles on fire. The presence of modern-day plastics has also increased the toxicity 

of vehicle fire ─irrespective of BEV or ICE─ although a peak increase in HF species liberation is observed 

for EV fires.  

When off gassing from BEV is analysed, it was found that the gases were dispersing and settling closer 

to the ground creating a confined pocket of gas under the vehicle, at 10 ACH the dispersed gas formed 

a consistent layer of gas under the vehicle. When this was repeated with no ventilation the flammable 

cloud formed was similar to the case when ventilation was running at 10 ACH but when a recirculating 

airflow is introduced the dense cloud gets stretched from under the vehicle and extend outwards and 

a higher rate of mixing and a larger flammable cloud of the LFP vent gas is observed. The case with no 

ventilation took the greatest amount of time to dissipate to harmless concentrations.  
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When hydrogen leak and dispersion was modelled it was observed that leak rates below 1.9 g/s 

dissipated in all the different ventilation conditions and formed a consistent pocket under the car but 

failed to form any flammable gas cloud under the roof. Leak rates of 3 g/s and 2.5 kg/s(BEVI) formed a 

flammable cloud under the roof in all ventilation cases and the dispersion was driven by buoyancy 

whereas the dispersion resulting from BEVI cases did not form a pocket under the car as the high 

momentum of the leak pushed the confined gas outwards. The 3 g/s and BEVI leak in recirculation 

ventilation formed the largest flammable cloud compared to other ventilation configurations. When a 

critical velocity greater than 0.9 m/s is met the LFP and Hydrogen dispersion (except 2.5kg/s case) 

forms a flammable pocket only under the vehicle.  

When the dispersion clouds were ignited the off gassing from batteries at 10 ACH and recirculation 

ventilation, produced peak overpressure values of 0.01 bar in the near field and then the pressure 

tampers down to values between 0.0015 to 0.01 at the boundaries. But hydrogen leak rates of 3 g/s 

produced peak overpressures between 0.02 to 0.03 bar with the recirculation ventilation condition 

producing the highest near field overpressure of 0.03 bar. In all the 3 g/s leaks, hydrogen produced the 

same overpressure near the boundary walls which is a range 0.0015 to 0.01 bars. The BEVI leak case is 

an upper limit scenario and its consequences are catastrophic at 10 ACH and in recirculation 

ventilation. Overpressure values in the range of 0.05 to 0.08 were observed in the 10 ACH case, 

producing higher overpressure due to the ventilation aiding hydrogen to accumulate in the +Y 

direction, whereas BEVI case with no ventilation was driven by the momentum of the leak which 

pushed a large portion of the flammable cloud outside the domain – this is not to be treated as a 

generic observation and was a result of the geometry used which resulted in this scenario generating 

an overpressure of 0.01 bars in the near field.  

When congestion was added to the explosion scenario the cases with LFP off gassing produced the 

same overpressure values in the near field but the area of effect of the peak overpressure increased 

due to the congestion. The overpressure at the boundary walls were similar to the uncongested case 

with only a slight increase in overpressure values at the boundary for the recirculation scenarios. In 

case of hydrogen explosions with congestion all the scenarios produced lower overpressure in the near 

field and the boundaries because of the obstructions breaking up the hydrogen clouds to smaller 

pockets which resulted in the initial explosion pushing the smaller pocket away resulting in lesser 

amount of hydrogen participating in the explosion.  

After exploring multiple scenarios, it is found that utilization of ventilation in emergencies involving 

BEVs and HFCEVs in enclosed spaces is predominantly driven by the geometry of the structure. Even 

though most ventilation standards prescribe design fires which are conservative and account for fire 

spread between vehicles that reflect the worst case, there may be cases to account for fire spread 
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between EVs that may produce higher HRR that surpass the worst case prescribed by the available 

standards.  

In case of dispersion scenarios, it was found that a poorly design ventilation system performed worse 

than having no ventilation at all. This is particularly important for leaks from hydrogen vehicles where 

recirculation zones in the enclosure will result in a larger flammable cloud (almost 400% greater) that 

resulted in higher overpressure when ignited. LFP off gassing dispersion was not as sensitive as 

hydrogen gas when changing ventilation parameters due to the density of the LFP off gassing which 

remained closer to the ground. Identification of recirculation zones and performing advanced analysis 

using CFD tools accounting for geometry of the enclosure is critical in addressing the problem. 

4.2 Future work  

A series of tests were envisaged to study the impact of the products of BEV fires on the metallurgy of 

the ventilation system to improve resilience and analyse potential failure modes of ventilation fans. 

Initial discussions were conducted at Applus+ laboratories for performing the tests but these tests 

never materialised due to differing time frames. This test may help in understating material fatigue 

associated with ventilation systems involved in managing EV fires. Fire spread was not considered in 

the thesis, this is to be explored to understand potential marginal cases where existing design fire 

curves may not be conservative to account for the higher PHHR. To analyse toxicity a nuanced 

approach would be to rely of realistic gas emission curves hence development of a dynamic species 

curve is particularly desirable in locations which may be utilizing stratification-based smoke strategies. 

Study of dispersion breakup by variation of source term modelling of the gas leakages and the influence 

of jet fans on dispersion clouds are to be examined. The presence of I beam channels are also not 

studied which may be detrimental and aid in accumulation of dispersed gas .  LFP off gassing was 

quantified using a very simplified approach, a coupled Multiphysics model with existing CFD tools may 

be developed to accurately quantify production of off gassing in non-flaming thermal runaway. 

Validation of hydrogen and LFP gas dispersion in enclosed spaces and interaction of bast waves on 

obstructions created due to confinement need to be investigated. 

Gas detector selection and optimization must be performed anticipating wider usage of hydrogen 

vehicles to detect hydrogen leaks to program ventilation systems to intervene accordingly since current 

detection systems in car parks are limited to heat or carbon monoxide detection to work with the 

ventilation system. Multi gas detectors and their feasibility study when compared to carbon monoxide 

detectors is important for early detection of non-flaming thermal runaways of BEV and the 

Identification of locations where accumulation of vent gases or hydrogen might be detrimental is also 

crucial in integrating these new energy vectors to existing infrastructure.  
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Appendix  

A1. Environmental Study  

Environmental cost is divided into carbon emission from utilizing workstations and carbon emissions 

during travel. 

Computational infrastructure  

The workstation used at CERTC is powered by an i9 processor has a TDP of 140W which require a 
minimum SMPS supply of 650W. The workstation comprises of two monitors -27 inch and 17-inch 
monitors (collectively consuming 60 W) with an additional laptop used for setting up simulations in 
pyrosim and drafting the thesis. (300W). The CPU was continuously running while performing the 
simulations which collectively took 1825 hours to compile and run. The monitors were only turned 
on 8 hrs per day and was utilized 640hrs. The laptop was used an average of 4 hrs per day for 78 
days.  
 
Average Co2 emission per kW of energy consumed is 259g [110] and the carbon emissions are 
summarized in table A2.1 
 

Table A1.1 Summary of Carbon emissions using computational infrastructure  

Components of the 

Computational 

infrastructure  

 

Power 
(kW) 

Utilization 
time (hrs) 

Number of 
units  

Total energy 
consumption 
(kW)  

Total 
equivalent 
Co2 (g) 

CPU  0.650 1825 1 1186  307174 

Monitor 0.07 640 2 44.8 11603.2 

Laptop  0.3 312 3 93.6 24242.4 

 

Total carbon emission from computational infrastructure is 3,43,019.6 grams.  

Carbon emissions during travel 

The commute time between university and accommodation was an average of 44 minutes by metro 

(both ways)) covering a total distance of 19.9 kms (11.8 miles)  two ways – with average emission of 

14 g of Co2 per mile per passenger [111]. The total carbon emission during travel is 165.2g per day. 

Hence total equivalent Co2 (g) is 9086 g (considering 55 days of commute time)   

Total carbon emission is 3,52,105.6 grams or 352.12 kg of Co2 
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A2. FDS model setup – Simulation parameters and code  

The following is the FDS model for scenario F_EV_OOOOO 

Rise_Test_OOOOO.fds 
&HEAD CHID='Rise_Test_OOOOO'/ 
&TIME T_END=4800.0/ 
 
&MESH ID='MESH', IJK=150,20,20, XB=3.0,33.0,26.0,30.0,-0.2,3.8/ 
&MESH ID='MESH01-01', IJK=150,25,16, XB=3.0,33.0,0.0,5.0,-0.2,3.0/ 
&MESH ID='MESH01-02-01-01', IJK=75,25,16, XB=3.0,18.0,5.0,10.0,-0.2,3.0/ 
&MESH ID='MESH01-02-01-02', IJK=75,25,16, XB=18.0,33.0,5.0,10.0,-0.2,3.0/ 
&MESH ID='MESH01-02-02-01-merged-01', IJK=150,40,16, XB=3.0,33.0,10.0,18.0,-0.2,3.0/ 
&MESH ID='MESH01-02-02-01-merged-02', IJK=150,40,16, XB=3.0,33.0,18.0,26.0,-0.2,3.0/ 
 
&SPEC ID='HYDROGEN CYANIDE'/ 
&SPEC ID='NITRIC OXIDEp'/ 
&SPEC ID='ETHANE', LUMPED_COMPONENT_ONLY=.TRUE./ 
&SPEC ID='HYDROGEN FLUORIDE'/ 
&SPEC ID='HYDROGEN CHLORIDE'/ 
&SPEC ID='HYDROGEN', LUMPED_COMPONENT_ONLY=.TRUE./ 
&SPEC ID='CARBON MONOXIDE'/ 
&SPEC ID='SULFUR DIOXIDEm'/ 
&SPEC ID='ETHYLENE', LUMPED_COMPONENT_ONLY=.TRUE./ 
&SPEC ID='METHANE'/ 
&SPEC ID='WATER VAPOR', LUMPED_COMPONENT_ONLY=.TRUE./ 
&SPEC ID='LFP gas',  
  SPEC_ID(1)='CARBON DIOXIDE', 
  SPEC_ID(2)='CARBON MONOXIDE', 
  SPEC_ID(3)='ETHANE', 
  SPEC_ID(4)='ETHYLENE', 
  SPEC_ID(5)='HYDROGEN', 
  SPEC_ID(6)='METHANE',  
  MASS_FRACTION(1)=0.83, 
  MASS_FRACTION(2)=0.046, 
  MASS_FRACTION(3)=4.28E-3, 
  MASS_FRACTION(4)=0.0681, 
  MASS_FRACTION(5)=0.022, 
  MASS_FRACTION(6)=0.023/ 
 
&REAC ID='SFPE POLYURETHANE_GM27', FYI='SFPE Handbook, 5th Edition, Tables A.38 and A.39', 
FUEL='REAC_FUEL', CO_YIELD=0.042, SOOT_YIELD=0.198, HEAT_OF_COMBUSTION=1.64E+4, 
RADIATIVE_FRACTION=0.537/ 
&DEVC ID='LE CO 1m', QUANTITY='MASS FRACTION', SPEC_ID='CARBON MONOXIDE', XYZ=10.0,28.490588,1.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LE CO2 1m ', QUANTITY='MASS FRACTION', SPEC_ID='CARBON DIOXIDE', XYZ=10.0,28.490588,1.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LE FED 1m', QUANTITY='FED', XYZ=10.0,28.490588,1.0, ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LE FIC 1m', QUANTITY='FIC', XYZ=10.0,28.490588,1.0, ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LE HCL 1m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN CHLORIDE', 
XYZ=10.0,28.490588,1.0, ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LE HCN 1m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN CYANIDE', XYZ=10.0,28.490588,1.0, 
ORIENTATION=0.0,0.0,1.0/ 
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&DEVC ID='LE HF  1m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN FLUORIDE', XYZ=10.0,28.490588,1.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LE NO 1m', QUANTITY='MASS FRACTION', SPEC_ID='NITRIC OXIDEp', XYZ=10.0,28.490588,1.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LE SO2 1m', QUANTITY='MASS FRACTION', SPEC_ID='SULFUR DIOXIDEm', XYZ=10.0,28.490588,1.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LE CO 2m', QUANTITY='MASS FRACTION', SPEC_ID='CARBON MONOXIDE', XYZ=10.0,28.490588,2.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LE CO2 2m', QUANTITY='MASS FRACTION', SPEC_ID='CARBON DIOXIDE', XYZ=10.0,28.490588,2.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LE FED 2m', QUANTITY='FED', XYZ=10.0,28.490588,2.0, ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LE FIC 2m', QUANTITY='FIC', XYZ=10.0,28.490588,2.0, ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LE HCL 2m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN CHLORIDE', 
XYZ=10.0,28.490588,2.0, ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LE HCN 2m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN CYANIDE', XYZ=10.0,28.490588,2.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LE HF 2m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN FLUORIDE', XYZ=10.0,28.490588,2.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LE NO 2m', QUANTITY='MASS FRACTION', SPEC_ID='NITRIC OXIDEp', XYZ=10.0,28.490588,2.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LE SO2 2m', QUANTITY='MASS FRACTION', SPEC_ID='SULFUR DIOXIDEm', XYZ=10.0,28.490588,2.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LE CO 2.6m', QUANTITY='MASS FRACTION', SPEC_ID='CARBON MONOXIDE', XYZ=10.0,28.490588,2.6, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LE CO2 2.6m', QUANTITY='MASS FRACTION', SPEC_ID='CARBON DIOXIDE', XYZ=10.0,28.490588,2.6, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LE FED 2.6m', QUANTITY='FED', XYZ=10.0,28.490588,2.6, ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LE FIC 2.6m', QUANTITY='FIC', XYZ=10.0,28.490588,2.6, ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LE HCL 2.6m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN CHLORIDE', 
XYZ=10.0,28.490588,2.6, ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LE HCN 2.6m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN CYANIDE', 
XYZ=10.0,28.490588,2.6, ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LE HF 2.6m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN FLUORIDE', 
XYZ=10.0,28.490588,2.6, ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LE NO 2.6m', QUANTITY='MASS FRACTION', SPEC_ID='NITRIC OXIDEp', XYZ=10.0,28.490588,2.6, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LE SO2 2.6m', QUANTITY='MASS FRACTION', SPEC_ID='SULFUR DIOXIDEm', XYZ=10.0,28.490588,2.6, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LI HCN 1m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN CYANIDE', XYZ=5.9,1.5,1.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LI HF 1m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN FLUORIDE', XYZ=5.9,1.5,1.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LI HCL 1m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN CHLORIDE', XYZ=5.9,1.5,1.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LI SO2 1m', QUANTITY='MASS FRACTION', SPEC_ID='SULFUR DIOXIDEm', XYZ=5.9,1.5,1.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LI NO 1m', QUANTITY='MASS FRACTION', SPEC_ID='NITRIC OXIDEp', XYZ=5.9,1.5,1.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LI CO 1m', QUANTITY='MASS FRACTION', SPEC_ID='CARBON MONOXIDE', XYZ=5.9,1.5,1.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LI CO2 1m ', QUANTITY='MASS FRACTION', SPEC_ID='CARBON DIOXIDE', XYZ=5.9,1.5,1.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LI FED 1m', QUANTITY='FED', XYZ=5.9,1.5,1.0, ORIENTATION=0.0,0.0,1.0/ 
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&DEVC ID='LI FIC 1m', QUANTITY='FIC', XYZ=5.9,1.5,1.0, ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LI HCN  2m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN CYANIDE', XYZ=5.9,1.5,2.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LI HF  2m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN FLUORIDE', XYZ=5.9,1.5,2.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LI HCL  2m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN CHLORIDE', XYZ=5.9,1.5,2.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LI SO2  2m', QUANTITY='MASS FRACTION', SPEC_ID='SULFUR DIOXIDEm', XYZ=5.9,1.5,2.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LI NO  2m', QUANTITY='MASS FRACTION', SPEC_ID='NITRIC OXIDEp', XYZ=5.9,1.5,2.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LI CO  2m', QUANTITY='MASS FRACTION', SPEC_ID='CARBON MONOXIDE', XYZ=5.9,1.5,2.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LI CO2  2m', QUANTITY='MASS FRACTION', SPEC_ID='CARBON DIOXIDE', XYZ=5.9,1.5,2.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LI FED  2m', QUANTITY='FED', XYZ=5.9,1.5,2.0, ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LI FIC  2m', QUANTITY='FIC', XYZ=5.9,1.5,2.0, ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LI HCN 2.6m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN CYANIDE', XYZ=5.9,1.5,2.6, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LI HF 2.6m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN FLUORIDE', XYZ=5.9,1.5,2.6, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LI HCL 2.6m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN CHLORIDE', XYZ=5.9,1.5,2.6, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LI SO2 2.6m', QUANTITY='MASS FRACTION', SPEC_ID='SULFUR DIOXIDEm', XYZ=5.9,1.5,2.6, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LI NO  2.6m', QUANTITY='MASS FRACTION', SPEC_ID='NITRIC OXIDEp', XYZ=5.9,1.5,2.6, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LI CO 2.6m', QUANTITY='MASS FRACTION', SPEC_ID='CARBON MONOXIDE', XYZ=5.9,1.5,2.6, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LI CO2 2.6m ', QUANTITY='MASS FRACTION', SPEC_ID='CARBON DIOXIDE', XYZ=5.9,1.5,2.6, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LI FED 2.6m', QUANTITY='FED', XYZ=5.9,1.5,2.6, ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='LI FIC 2.6m', QUANTITY='FIC', XYZ=5.9,1.5,2.6, ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RI CO 1m', QUANTITY='MASS FRACTION', SPEC_ID='CARBON MONOXIDE', XYZ=29.7,1.5,1.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RI CO2 1m', QUANTITY='MASS FRACTION', SPEC_ID='CARBON DIOXIDE', XYZ=29.7,1.5,1.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RI FED 1m', QUANTITY='FED', XYZ=29.7,1.5,1.0, ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RI FIC 1m', QUANTITY='FIC', XYZ=29.7,1.5,1.0, ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RI HCL 1m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN CHLORIDE', XYZ=29.7,1.5,1.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RI HCN 1m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN CYANIDE', XYZ=29.7,1.5,1.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RI HF 1m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN FLUORIDE', XYZ=29.7,1.5,1.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RI NO 1m', QUANTITY='MASS FRACTION', SPEC_ID='NITRIC OXIDEp', XYZ=29.7,1.5,1.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RI SO2 1m', QUANTITY='MASS FRACTION', SPEC_ID='SULFUR DIOXIDEm', XYZ=29.7,1.5,1.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RI CO 2m', QUANTITY='MASS FRACTION', SPEC_ID='CARBON MONOXIDE', XYZ=29.7,1.5,2.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RI CO2 2m', QUANTITY='MASS FRACTION', SPEC_ID='CARBON DIOXIDE', XYZ=29.7,1.5,2.0, 
ORIENTATION=0.0,0.0,1.0/ 
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&DEVC ID='RI FED 2m', QUANTITY='FED', XYZ=29.7,1.5,2.0, ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RI FIC 2m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN CYANIDE', XYZ=29.7,1.5,2.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RI HCL 2m ', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN CHLORIDE', XYZ=29.7,1.5,2.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RI HCN 2m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN CYANIDE', XYZ=29.7,1.5,2.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RI HF 2m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN FLUORIDE', XYZ=29.7,1.5,2.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RI NO 2m ', QUANTITY='MASS FRACTION', SPEC_ID='NITRIC OXIDEp', XYZ=29.7,1.5,2.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RI SO2 2m', QUANTITY='MASS FRACTION', SPEC_ID='SULFUR DIOXIDEm', XYZ=29.7,1.5,2.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RI CO 2.6m', QUANTITY='MASS FRACTION', SPEC_ID='CARBON MONOXIDE', XYZ=29.7,1.5,2.6, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RI CO2 2.6m', QUANTITY='MASS FRACTION', SPEC_ID='CARBON DIOXIDE', XYZ=29.7,1.5,2.6, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RI FED 2.6m', QUANTITY='FED', XYZ=29.7,1.5,2.6, ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RI FIC 2.6m', QUANTITY='FIC', XYZ=29.7,1.5,2.6, ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RI HCL 2.6m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN CHLORIDE', XYZ=29.7,1.5,2.6, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RI HCN 2.6m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN CYANIDE', XYZ=29.7,1.5,2.6, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RI HF 2.6m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN FLUORIDE', XYZ=29.7,1.5,2.6, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RI NO 2.6m', QUANTITY='MASS FRACTION', SPEC_ID='NITRIC OXIDEp', XYZ=29.7,1.5,2.6, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RI SO2 2.6m', QUANTITY='MASS FRACTION', SPEC_ID='SULFUR DIOXIDEm', XYZ=29.7,1.5,2.6, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RE CO 1m', QUANTITY='MASS FRACTION', SPEC_ID='CARBON MONOXIDE', XYZ=26.0,28.490588,1.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RE CO2 1m', QUANTITY='MASS FRACTION', SPEC_ID='CARBON DIOXIDE', XYZ=26.0,28.490588,1.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RE FED 1m', QUANTITY='FED', XYZ=26.0,28.490588,1.0, ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RE FIC 1m', QUANTITY='FIC', XYZ=26.0,28.490588,1.0, ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RE HCL 1m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN CHLORIDE', 
XYZ=26.0,28.490588,1.0, ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RE HCN 1m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN CYANIDE', XYZ=26.0,28.490588,1.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RE HF 1m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN FLUORIDE', XYZ=26.0,28.490588,1.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RE NO 1m', QUANTITY='MASS FRACTION', SPEC_ID='NITRIC OXIDEp', XYZ=26.0,28.490588,1.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RE SO2 1m', QUANTITY='MASS FRACTION', SPEC_ID='SULFUR DIOXIDEm', XYZ=26.0,28.490588,1.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RE CO 2m', QUANTITY='MASS FRACTION', SPEC_ID='CARBON MONOXIDE', XYZ=26.0,28.490588,2.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RE CO2 2m', QUANTITY='MASS FRACTION', SPEC_ID='CARBON DIOXIDE', XYZ=26.0,28.490588,2.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RE FED 2m', QUANTITY='FED', XYZ=26.0,28.490588,2.0, ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RE FIC 2m', QUANTITY='FIC', XYZ=26.0,28.490588,2.0, ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RE HCL 2m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN CHLORIDE', 
XYZ=26.0,28.490588,2.0, ORIENTATION=0.0,0.0,1.0/ 
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&DEVC ID='RE HCN 2m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN CYANIDE', XYZ=26.0,28.490588,2.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RE HF 2m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN FLUORIDE', XYZ=26.0,28.490588,2.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RE NO 2m', QUANTITY='MASS FRACTION', SPEC_ID='NITRIC OXIDEp', XYZ=26.0,28.490588,2.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RE SO2 2m', QUANTITY='MASS FRACTION', SPEC_ID='SULFUR DIOXIDEm', XYZ=26.0,28.490588,2.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RE CO 2.6m', QUANTITY='MASS FRACTION', SPEC_ID='CARBON MONOXIDE', XYZ=26.0,28.490588,2.6, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RE CO2 2.6m', QUANTITY='MASS FRACTION', SPEC_ID='CARBON DIOXIDE', XYZ=26.0,28.490588,2.6, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RE FED 2.6m', QUANTITY='FED', XYZ=26.0,28.490588,2.6, ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RE FIC 2.6m', QUANTITY='FIC', XYZ=26.0,28.490588,2.6, ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RE HCL 2.6m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN CHLORIDE', 
XYZ=26.0,28.490588,2.6, ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RE HCN 2.6m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN CYANIDE', 
XYZ=26.0,28.490588,2.6, ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RE HF 2.6m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN FLUORIDE', 
XYZ=26.0,28.490588,2.6, ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RE NO 2.6m', QUANTITY='MASS FRACTION', SPEC_ID='NITRIC OXIDEp', XYZ=26.0,28.490588,2.6, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='RE SO2 2.6m', QUANTITY='MASS FRACTION', SPEC_ID='SULFUR DIOXIDEm', XYZ=26.0,28.490588,2.6, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='C CO 1m', QUANTITY='MASS FRACTION', SPEC_ID='CARBON MONOXIDE', XYZ=17.9,1.5,1.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='C CO2 1m', QUANTITY='MASS FRACTION', SPEC_ID='CARBON DIOXIDE', XYZ=17.9,1.5,1.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='C FED 1m', QUANTITY='FED', XYZ=17.9,1.5,1.0, ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='C FIC 1m', QUANTITY='FIC', XYZ=17.9,1.5,1.0, ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='C HCL 1m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN CHLORIDE', XYZ=17.9,1.5,1.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='C HCN 1m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN CYANIDE', XYZ=17.9,1.5,1.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='C HF 1m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN FLUORIDE', XYZ=17.9,1.5,1.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='C NO 1m', QUANTITY='MASS FRACTION', SPEC_ID='NITRIC OXIDEp', XYZ=17.9,1.5,1.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='C SO2 1m', QUANTITY='MASS FRACTION', SPEC_ID='SULFUR DIOXIDEm', XYZ=17.9,1.5,1.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='C CO 2m', QUANTITY='MASS FRACTION', SPEC_ID='CARBON MONOXIDE', XYZ=17.9,1.5,2.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='C CO2 2m', QUANTITY='MASS FRACTION', SPEC_ID='CARBON DIOXIDE', XYZ=17.9,1.5,2.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='C FED 2m', QUANTITY='FED', XYZ=17.9,1.5,2.0, ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='C FIC 2m', QUANTITY='FIC', XYZ=17.9,1.5,2.0, ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='C HCL 2m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN CHLORIDE', XYZ=17.9,1.5,2.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='C HCN 2m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN CYANIDE', XYZ=17.9,1.5,2.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='C HF 2m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN FLUORIDE', XYZ=17.9,1.5,2.0, 
ORIENTATION=0.0,0.0,1.0/ 
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&DEVC ID='C NO 2m', QUANTITY='MASS FRACTION', SPEC_ID='NITRIC OXIDEp', XYZ=17.9,1.5,2.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='C SO2 2m', QUANTITY='MASS FRACTION', SPEC_ID='SULFUR DIOXIDEm', XYZ=17.9,1.5,2.0, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='C CO  2.6m', QUANTITY='MASS FRACTION', SPEC_ID='CARBON MONOXIDE', XYZ=17.9,1.5,2.6, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='C CO2 2.6m', QUANTITY='MASS FRACTION', SPEC_ID='CARBON DIOXIDE', XYZ=17.9,1.5,2.6, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='C FED 2.6m', QUANTITY='FED', XYZ=17.9,1.5,2.6, ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='C FID 2.6m', QUANTITY='FIC', XYZ=17.9,1.5,2.6, ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='C HCL  2.6m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN CHLORIDE', XYZ=17.9,1.5,2.6, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='C HCN 2.6m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN CYANIDE', XYZ=17.9,1.5,2.6, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='C HF  2.6m', QUANTITY='MASS FRACTION', SPEC_ID='HYDROGEN FLUORIDE', XYZ=17.9,1.5,2.6, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='C NO  2.6m', QUANTITY='MASS FRACTION', SPEC_ID='NITRIC OXIDEp', XYZ=17.9,1.5,2.6, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='C SO2  2.6m', QUANTITY='MASS FRACTION', SPEC_ID='SULFUR DIOXIDEm', XYZ=17.9,1.5,2.6, 
ORIENTATION=0.0,0.0,1.0/ 
&DEVC ID='D1HCL', QUANTITY='TOTAL MASS FLUX Z', SPEC_ID='HYDROGEN CHLORIDE', 
SPATIAL_STATISTIC='AREA INTEGRAL', QUANTITY_RANGE=0.0,1.0E+50, 
XB=5.996491,6.999404,27.997396,28.997396,2.95,2.95/ 
&DEVC ID='D1HF', QUANTITY='TOTAL MASS FLUX Z', SPEC_ID='HYDROGEN FLUORIDE', 
SPATIAL_STATISTIC='AREA INTEGRAL', QUANTITY_RANGE=0.0,1.0E+50, 
XB=5.996491,6.999404,27.997396,28.997396,2.95,2.95/ 
&DEVC ID='D1HCN', QUANTITY='TOTAL MASS FLUX Z', SPEC_ID='HYDROGEN CHLORIDE', 
SPATIAL_STATISTIC='AREA INTEGRAL', QUANTITY_RANGE=0.0,1.0E+50, 
XB=5.996491,6.999404,27.997396,28.997396,2.95,2.95/ 
&DEVC ID='D1NO', QUANTITY='TOTAL MASS FLUX Z', SPEC_ID='NITRIC OXIDEp', SPATIAL_STATISTIC='AREA 
INTEGRAL', QUANTITY_RANGE=0.0,1.0E+50, XB=5.996491,6.999404,27.997396,28.997396,2.95,2.95/ 
&DEVC ID='D1CO', QUANTITY='TOTAL MASS FLUX Z', SPEC_ID='CARBON MONOXIDE', SPATIAL_STATISTIC='AREA 
INTEGRAL', QUANTITY_RANGE=0.0,1.0E+50, XB=5.996491,6.999404,27.997396,28.997396,2.95,2.95/ 
&DEVC ID='D1CO2', QUANTITY='TOTAL MASS FLUX Z', SPEC_ID='HYDROGEN CHLORIDE', 
SPATIAL_STATISTIC='AREA INTEGRAL', QUANTITY_RANGE=0.0,1.0E+50, 
XB=5.996491,6.999404,27.997396,28.997396,2.95,2.95/ 
&DEVC ID='D1HCL01', QUANTITY='TOTAL MASS FLUX Z', SPEC_ID='HYDROGEN CHLORIDE', 
SPATIAL_STATISTIC='AREA INTEGRAL', QUANTITY_RANGE=0.0,1.0E+50, 
XB=13.036496,14.039409,28.00663,29.00663,2.95,2.95/ 
&DEVC ID='D1HF01', QUANTITY='TOTAL MASS FLUX Z', SPEC_ID='HYDROGEN FLUORIDE', 
SPATIAL_STATISTIC='AREA INTEGRAL', QUANTITY_RANGE=0.0,1.0E+50, 
XB=13.036496,14.039409,28.00663,29.00663,2.95,2.95/ 
&DEVC ID='D1HCN01', QUANTITY='TOTAL MASS FLUX Z', SPEC_ID='HYDROGEN CHLORIDE', 
SPATIAL_STATISTIC='AREA INTEGRAL', QUANTITY_RANGE=0.0,1.0E+50, 
XB=13.036496,14.039409,28.00663,29.00663,2.95,2.95/ 
&DEVC ID='D1NO01', QUANTITY='TOTAL MASS FLUX Z', SPEC_ID='NITRIC OXIDEp', SPATIAL_STATISTIC='AREA 
INTEGRAL', QUANTITY_RANGE=0.0,1.0E+50, XB=13.036496,14.039409,28.00663,29.00663,2.95,2.95/ 
&DEVC ID='D1CO01', QUANTITY='TOTAL MASS FLUX Z', SPEC_ID='CARBON MONOXIDE', 
SPATIAL_STATISTIC='AREA INTEGRAL', QUANTITY_RANGE=0.0,1.0E+50, 
XB=13.036496,14.039409,28.00663,29.00663,2.95,2.95/ 
&DEVC ID='D1CO02', QUANTITY='TOTAL MASS FLUX Z', SPEC_ID='HYDROGEN CHLORIDE', 
SPATIAL_STATISTIC='AREA INTEGRAL', QUANTITY_RANGE=0.0,1.0E+50, 
XB=13.036496,14.039409,28.00663,29.00663,2.95,2.95/ 
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&DEVC ID='D1HCL02', QUANTITY='TOTAL MASS FLUX Z', SPEC_ID='HYDROGEN CHLORIDE', 
SPATIAL_STATISTIC='AREA INTEGRAL', QUANTITY_RANGE=0.0,1.0E+50, 
XB=22.012017,23.01493,28.001858,29.001858,2.95,2.95/ 
&DEVC ID='D1HF02', QUANTITY='TOTAL MASS FLUX Z', SPEC_ID='HYDROGEN FLUORIDE', 
SPATIAL_STATISTIC='AREA INTEGRAL', QUANTITY_RANGE=0.0,1.0E+50, 
XB=22.012017,23.01493,28.001858,29.001858,2.95,2.95/ 
&DEVC ID='D1HCN02', QUANTITY='TOTAL MASS FLUX Z', SPEC_ID='HYDROGEN CHLORIDE', 
SPATIAL_STATISTIC='AREA INTEGRAL', QUANTITY_RANGE=0.0,1.0E+50, 
XB=22.012017,23.01493,28.001858,29.001858,2.95,2.95/ 
&DEVC ID='D1NO02', QUANTITY='TOTAL MASS FLUX Z', SPEC_ID='NITRIC OXIDEp', SPATIAL_STATISTIC='AREA 
INTEGRAL', QUANTITY_RANGE=0.0,1.0E+50, XB=22.012017,23.01493,28.001858,29.001858,2.95,2.95/ 
&DEVC ID='D1CO03', QUANTITY='TOTAL MASS FLUX Z', SPEC_ID='CARBON MONOXIDE', 
SPATIAL_STATISTIC='AREA INTEGRAL', QUANTITY_RANGE=0.0,1.0E+50, 
XB=22.012017,23.01493,28.001858,29.001858,2.95,2.95/ 
&DEVC ID='D1CO04', QUANTITY='TOTAL MASS FLUX Z', SPEC_ID='HYDROGEN CHLORIDE', 
SPATIAL_STATISTIC='AREA INTEGRAL', QUANTITY_RANGE=0.0,1.0E+50, 
XB=22.012017,23.01493,28.001858,29.001858,2.95,2.95/ 
&DEVC ID='D1HCL03', QUANTITY='TOTAL MASS FLUX Z', SPEC_ID='HYDROGEN CHLORIDE', 
SPATIAL_STATISTIC='AREA INTEGRAL', QUANTITY_RANGE=0.0,1.0E+50, 
XB=28.982564,29.985477,28.009597,29.009597,2.95,2.95/ 
&DEVC ID='D1HF03', QUANTITY='TOTAL MASS FLUX Z', SPEC_ID='HYDROGEN FLUORIDE', 
SPATIAL_STATISTIC='AREA INTEGRAL', QUANTITY_RANGE=0.0,1.0E+50, 
XB=28.982564,29.985477,28.009597,29.009597,2.95,2.95/ 
&DEVC ID='D1HCN03', QUANTITY='TOTAL MASS FLUX Z', SPEC_ID='HYDROGEN CHLORIDE', 
SPATIAL_STATISTIC='AREA INTEGRAL', QUANTITY_RANGE=0.0,1.0E+50, 
XB=28.982564,29.985477,28.009597,29.009597,2.95,2.95/ 
&DEVC ID='D1NO03', QUANTITY='TOTAL MASS FLUX Z', SPEC_ID='NITRIC OXIDEp', SPATIAL_STATISTIC='AREA 
INTEGRAL', QUANTITY_RANGE=0.0,1.0E+50, XB=28.982564,29.985477,28.009597,29.009597,2.95,2.95/ 
&DEVC ID='D1CO05', QUANTITY='TOTAL MASS FLUX Z', SPEC_ID='CARBON MONOXIDE', 
SPATIAL_STATISTIC='AREA INTEGRAL', QUANTITY_RANGE=0.0,1.0E+50, 
XB=28.982564,29.985477,28.009597,29.009597,2.95,2.95/ 
&DEVC ID='D1CO06', QUANTITY='TOTAL MASS FLUX Z', SPEC_ID='HYDROGEN CHLORIDE', 
SPATIAL_STATISTIC='AREA INTEGRAL', QUANTITY_RANGE=0.0,1.0E+50, 
XB=28.982564,29.985477,28.009597,29.009597,2.95,2.95/ 
 
&SURF ID='Gas Supply ', 
      RGB=26,204,26, 
      MASS_FLUX=0.022156,7.362E-3,6.14E-4,3.2E-3,2.58E-3,3.628E-3, 
      SPEC_ID='CARBON MONOXIDE','HYDROGEN CHLORIDE','HYDROGEN CYANIDE','HYDROGEN 
FLUORIDE','NITRIC OXIDEp','SULFUR DIOXIDEm', 
      RAMP_MF='Gas Supply _RAMP_MF','Gas Supply _RAMP_MF-2','Gas Supply _RAMP_MF-3','Gas Supply 
_RAMP_MF-4','Gas Supply _RAMP_MF-5','Gas Supply _RAMP_MF-6'/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=0.0, F=0.0/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=192.0, F=0.015146/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=288.0, F=6.715233E-3/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=384.0, F=0.021109/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=480.0, F=0.032102/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=576.0, F=0.019487/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=672.0, F=0.028531/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=768.0, F=0.016755/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=864.0, F=0.017125/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=960.0, F=0.898032/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=1056.0, F=0.26741/ 
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&RAMP ID='Gas Supply _RAMP_MF-4', T=1152.0, F=0.146698/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=1248.0, F=0.141276/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=1344.0, F=0.171104/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=1440.0, F=0.150691/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=1536.0, F=0.231004/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=1632.0, F=0.449167/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=1728.0, F=0.986255/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=1824.0, F=1.0/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=1920.0, F=0.81579/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=2016.0, F=0.698101/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=2112.0, F=0.501818/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=2208.0, F=0.543157/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=2304.0, F=0.530842/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=2400.0, F=0.466255/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=2496.0, F=0.412819/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=2592.0, F=0.278953/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=2688.0, F=0.222879/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=2784.0, F=0.147479/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=2880.0, F=0.115931/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=2976.0, F=0.104235/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=3072.0, F=0.091337/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=3168.0, F=0.074879/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=3264.0, F=0.091914/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=3360.0, F=0.058648/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=3456.0, F=0.039277/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=3552.0, F=0.064141/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=3648.0, F=0.058611/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=3744.0, F=0.048183/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=3840.0, F=0.051191/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=3936.0, F=0.052807/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=4032.0, F=0.036412/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=4128.0, F=0.042319/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=4224.0, F=0.024702/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=4320.0, F=0.032793/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=4416.0, F=0.02526/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=4512.0, F=0.015982/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=4608.0, F=0.013614/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=4704.0, F=0.030683/ 
&RAMP ID='Gas Supply _RAMP_MF-4', T=4800.0, F=0.019135/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=0.0, F=0.0/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=192.0, F=8.545314E-3/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=288.0, F=9.465933E-3/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=384.0, F=0.023063/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=480.0, F=1.170769E-3/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=576.0, F=0.013292/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=672.0, F=0.027883/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=768.0, F=0.129209/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=864.0, F=0.26958/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=960.0, F=0.25688/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=1056.0, F=0.295517/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=1152.0, F=0.415964/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=1248.0, F=0.616567/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=1344.0, F=1.0/ 
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&RAMP ID='Gas Supply _RAMP_MF-5', T=1440.0, F=0.816836/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=1536.0, F=0.746961/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=1632.0, F=0.726609/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=1728.0, F=0.649621/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=1824.0, F=0.634969/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=1920.0, F=0.574097/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=2016.0, F=0.514684/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=2112.0, F=0.483538/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=2208.0, F=0.451721/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=2304.0, F=0.393087/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=2400.0, F=0.320295/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=2496.0, F=0.269369/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=2592.0, F=0.228866/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=2688.0, F=0.163249/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=2784.0, F=0.144593/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=2880.0, F=0.102112/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=2976.0, F=0.075111/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=3072.0, F=0.052385/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=3168.0, F=0.087114/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=3264.0, F=0.049416/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=3360.0, F=0.034175/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=3456.0, F=0.03874/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=3552.0, F=0.035474/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=3648.0, F=0.013904/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=3744.0, F=0.026736/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=3840.0, F=4.820823E-3/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=3936.0, F=0.023115/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=4032.0, F=3.915575E-3/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=4128.0, F=0.032303/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=4224.0, F=0.026817/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=4320.0, F=0.014943/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=4416.0, F=0.028245/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=4512.0, F=0.019717/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=4608.0, F=0.017927/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=4704.0, F=0.021972/ 
&RAMP ID='Gas Supply _RAMP_MF-5', T=4800.0, F=0.010347/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=0.0, F=0.0/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=192.0, F=0.385041/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=288.0, F=0.361377/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=384.0, F=0.401675/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=480.0, F=0.398056/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=576.0, F=0.373202/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=672.0, F=0.383674/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=768.0, F=0.470843/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=864.0, F=0.500441/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=960.0, F=0.477461/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=1056.0, F=0.844846/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=1152.0, F=0.860415/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=1248.0, F=0.77958/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=1344.0, F=1.0/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=1440.0, F=0.763678/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=1536.0, F=0.838033/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=1632.0, F=0.669332/ 
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&RAMP ID='Gas Supply _RAMP_MF-6', T=1728.0, F=0.709192/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=1824.0, F=0.569659/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=1920.0, F=0.458345/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=2016.0, F=0.554879/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=2112.0, F=0.450786/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=2208.0, F=0.38929/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=2304.0, F=0.293643/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=2400.0, F=0.419107/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=2496.0, F=0.337251/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=2592.0, F=0.476934/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=2688.0, F=0.408285/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=2784.0, F=0.33465/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=2880.0, F=0.365162/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=2976.0, F=0.2553/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=3072.0, F=0.37425/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=3168.0, F=0.292658/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=3264.0, F=0.472761/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=3360.0, F=0.342285/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=3456.0, F=0.335635/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=3552.0, F=0.370781/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=3648.0, F=0.474476/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=3744.0, F=0.431149/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=3840.0, F=0.398386/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=3936.0, F=0.189521/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=4032.0, F=0.254753/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=4128.0, F=0.393723/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=4224.0, F=0.420035/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=4320.0, F=0.378855/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=4416.0, F=0.384689/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=4512.0, F=0.286832/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=4608.0, F=0.316249/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=4704.0, F=0.245774/ 
&RAMP ID='Gas Supply _RAMP_MF-6', T=4800.0, F=0.0/ 
&RAMP ID='Gas Supply _RAMP_MF', T=0.0, F=0.0/ 
&RAMP ID='Gas Supply _RAMP_MF', T=480.0, F=9.199135E-3/ 
&RAMP ID='Gas Supply _RAMP_MF', T=576.0, F=0.076945/ 
&RAMP ID='Gas Supply _RAMP_MF', T=672.0, F=0.239064/ 
&RAMP ID='Gas Supply _RAMP_MF', T=768.0, F=0.200564/ 
&RAMP ID='Gas Supply _RAMP_MF', T=864.0, F=0.246326/ 
&RAMP ID='Gas Supply _RAMP_MF', T=960.0, F=0.400838/ 
&RAMP ID='Gas Supply _RAMP_MF', T=1056.0, F=0.538975/ 
&RAMP ID='Gas Supply _RAMP_MF', T=1152.0, F=0.656511/ 
&RAMP ID='Gas Supply _RAMP_MF', T=1248.0, F=0.692658/ 
&RAMP ID='Gas Supply _RAMP_MF', T=1344.0, F=0.760915/ 
&RAMP ID='Gas Supply _RAMP_MF', T=1440.0, F=1.0/ 
&RAMP ID='Gas Supply _RAMP_MF', T=1536.0, F=0.960327/ 
&RAMP ID='Gas Supply _RAMP_MF', T=1632.0, F=0.739955/ 
&RAMP ID='Gas Supply _RAMP_MF', T=1728.0, F=0.781508/ 
&RAMP ID='Gas Supply _RAMP_MF', T=1824.0, F=0.877005/ 
&RAMP ID='Gas Supply _RAMP_MF', T=1920.0, F=0.875745/ 
&RAMP ID='Gas Supply _RAMP_MF', T=2016.0, F=0.885598/ 
&RAMP ID='Gas Supply _RAMP_MF', T=2112.0, F=0.905616/ 
&RAMP ID='Gas Supply _RAMP_MF', T=2208.0, F=0.891947/ 
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&RAMP ID='Gas Supply _RAMP_MF', T=2304.0, F=0.774222/ 
&RAMP ID='Gas Supply _RAMP_MF', T=2400.0, F=0.69912/ 
&RAMP ID='Gas Supply _RAMP_MF', T=2496.0, F=0.583551/ 
&RAMP ID='Gas Supply _RAMP_MF', T=2592.0, F=0.478311/ 
&RAMP ID='Gas Supply _RAMP_MF', T=2688.0, F=0.426538/ 
&RAMP ID='Gas Supply _RAMP_MF', T=2784.0, F=0.357291/ 
&RAMP ID='Gas Supply _RAMP_MF', T=2880.0, F=0.288334/ 
&RAMP ID='Gas Supply _RAMP_MF', T=2976.0, F=0.237254/ 
&RAMP ID='Gas Supply _RAMP_MF', T=3072.0, F=0.214232/ 
&RAMP ID='Gas Supply _RAMP_MF', T=3168.0, F=0.178633/ 
&RAMP ID='Gas Supply _RAMP_MF', T=3264.0, F=0.150452/ 
&RAMP ID='Gas Supply _RAMP_MF', T=3360.0, F=0.131436/ 
&RAMP ID='Gas Supply _RAMP_MF', T=3456.0, F=0.117863/ 
&RAMP ID='Gas Supply _RAMP_MF', T=3552.0, F=0.116916/ 
&RAMP ID='Gas Supply _RAMP_MF', T=3648.0, F=0.108248/ 
&RAMP ID='Gas Supply _RAMP_MF', T=3744.0, F=0.101616/ 
&RAMP ID='Gas Supply _RAMP_MF', T=3840.0, F=0.099883/ 
&RAMP ID='Gas Supply _RAMP_MF', T=3936.0, F=0.094236/ 
&RAMP ID='Gas Supply _RAMP_MF', T=4032.0, F=0.091679/ 
&RAMP ID='Gas Supply _RAMP_MF', T=4128.0, F=0.089909/ 
&RAMP ID='Gas Supply _RAMP_MF', T=4224.0, F=0.08665/ 
&RAMP ID='Gas Supply _RAMP_MF', T=4320.0, F=0.08385/ 
&RAMP ID='Gas Supply _RAMP_MF', T=4416.0, F=0.080983/ 
&RAMP ID='Gas Supply _RAMP_MF', T=4512.0, F=0.079385/ 
&RAMP ID='Gas Supply _RAMP_MF', T=4608.0, F=0.077203/ 
&RAMP ID='Gas Supply _RAMP_MF', T=4704.0, F=0.071487/ 
&RAMP ID='Gas Supply _RAMP_MF', T=4800.0, F=0.067094/ 
&RAMP ID='Gas Supply _RAMP_MF-2', T=0.0, F=0.0/ 
&RAMP ID='Gas Supply _RAMP_MF-2', T=234.10888, F=4.917019E-3/ 
&RAMP ID='Gas Supply _RAMP_MF-2', T=464.450508, F=3.881779E-3/ 
&RAMP ID='Gas Supply _RAMP_MF-2', T=627.735295, F=0.018775/ 
&RAMP ID='Gas Supply _RAMP_MF-2', T=794.689402, F=0.136432/ 
&RAMP ID='Gas Supply _RAMP_MF-2', T=1004.841425, F=0.123603/ 
&RAMP ID='Gas Supply _RAMP_MF-2', T=1151.072207, F=0.242532/ 
&RAMP ID='Gas Supply _RAMP_MF-2', T=1221.247972, F=0.380382/ 
&RAMP ID='Gas Supply _RAMP_MF-2', T=1301.973035, F=0.513329/ 
&RAMP ID='Gas Supply _RAMP_MF-2', T=1314.815659, F=0.723101/ 
&RAMP ID='Gas Supply _RAMP_MF-2', T=1315.0, F=0.639192/ 
&RAMP ID='Gas Supply _RAMP_MF-2', T=1418.84091, F=1.0/ 
&RAMP ID='Gas Supply _RAMP_MF-2', T=1601.022699, F=0.779766/ 
&RAMP ID='Gas Supply _RAMP_MF-2', T=1714.542319, F=0.913803/ 
&RAMP ID='Gas Supply _RAMP_MF-2', T=1719.358303, F=0.963385/ 
&RAMP ID='Gas Supply _RAMP_MF-2', T=1873.469786, F=0.827351/ 
&RAMP ID='Gas Supply _RAMP_MF-2', T=1921.629625, F=0.749799/ 
&RAMP ID='Gas Supply _RAMP_MF-2', T=1979.421431, F=0.650634/ 
&RAMP ID='Gas Supply _RAMP_MF-2', T=2008.317334, F=0.564182/ 
&RAMP ID='Gas Supply _RAMP_MF-2', T=2126.652938, F=0.414163/ 
&RAMP ID='Gas Supply _RAMP_MF-2', T=2199.030295, F=0.35619/ 
&RAMP ID='Gas Supply _RAMP_MF-2', T=2393.596043, F=0.267111/ 
&RAMP ID='Gas Supply _RAMP_MF-2', T=2547.707527, F=0.176058/ 
&RAMP ID='Gas Supply _RAMP_MF-2', T=2721.082946, F=0.095865/ 
&RAMP ID='Gas Supply _RAMP_MF-2', T=2932.986235, F=0.048016/ 
&RAMP ID='Gas Supply _RAMP_MF-2', T=3144.889525, F=0.039001/ 
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&RAMP ID='Gas Supply _RAMP_MF-2', T=3356.792815, F=0.030332/ 
&RAMP ID='Gas Supply _RAMP_MF-2', T=3568.696105, F=0.023745/ 
&RAMP ID='Gas Supply _RAMP_MF-2', T=3780.599395, F=0.017157/ 
&RAMP ID='Gas Supply _RAMP_MF-2', T=3992.502685, F=0.012649/ 
&RAMP ID='Gas Supply _RAMP_MF-2', T=4204.405975, F=0.011609/ 
&RAMP ID='Gas Supply _RAMP_MF-2', T=4416.309264, F=9.181809E-3/ 
&RAMP ID='Gas Supply _RAMP_MF-2', T=4628.212554, F=9.52854E-3/ 
&RAMP ID='Gas Supply _RAMP_MF-2', T=4749.367088, F=0.01203/ 
&RAMP ID='Gas Supply _RAMP_MF-2', T=4789.873418, F=0.01203/ 
&RAMP ID='Gas Supply _RAMP_MF-2', T=4800.0, F=0.0/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=0.0, F=0.0/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=192.0, F=0.047458/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=288.0, F=0.114005/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=384.0, F=0.135171/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=480.0, F=0.139848/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=576.0, F=0.041662/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=672.0, F=0.235513/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=768.0, F=0.211666/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=864.0, F=0.176033/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=960.0, F=0.237212/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=1056.0, F=0.389404/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=1152.0, F=0.390181/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=1248.0, F=0.445749/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=1344.0, F=0.424045/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=1440.0, F=0.95613/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=1536.0, F=1.0/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=1632.0, F=0.684027/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=1728.0, F=0.648869/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=1824.0, F=0.860869/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=1920.0, F=0.718267/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=2016.0, F=0.76735/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=2112.0, F=0.761315/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=2208.0, F=0.759579/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=2304.0, F=0.695476/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=2400.0, F=0.569749/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=2496.0, F=0.565406/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=2592.0, F=0.313332/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=2688.0, F=0.327148/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=2784.0, F=0.355628/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=2880.0, F=0.089268/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=2976.0, F=0.065805/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=3072.0, F=0.15896/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=3168.0, F=0.076955/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=3264.0, F=0.067647/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=3360.0, F=0.089689/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=3456.0, F=0.085914/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=3552.0, F=0.136574/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=3648.0, F=0.08284/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=3744.0, F=0.082586/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=3840.0, F=0.084015/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=3936.0, F=0.091669/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=4032.0, F=0.13821/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=4128.0, F=0.069771/ 



Fire toxicity and vent gas hazards in electric and hydrogen vehicles: flammability, toxicity, and the role of Ventilation 

  101 

&RAMP ID='Gas Supply _RAMP_MF-3', T=4224.0, F=0.127491/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=4320.0, F=0.105196/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=4416.0, F=0.094523/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=4512.0, F=0.203898/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=4608.0, F=0.063454/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=4704.0, F=0.035275/ 
&RAMP ID='Gas Supply _RAMP_MF-3', T=4800.0, F=0.08446/ 
&SURF ID='ADIABATIC', 
      COLOR='GRAY 80', 
      ADIABATIC=.TRUE./ 
&SURF ID='HRRPUA', 
      COLOR='RED', 
      HRRPUA=1649.834375, 
      RAMP_Q='HRRPUA_RAMP_Q', 
      TMP_FRONT=300.0/ 
&RAMP ID='HRRPUA_RAMP_Q', T=0.0, F=1.974065E-3/ 
&RAMP ID='HRRPUA_RAMP_Q', T=96.0, F=7.15346E-4/ 
&RAMP ID='HRRPUA_RAMP_Q', T=192.0, F=2.55438E-4/ 
&RAMP ID='HRRPUA_RAMP_Q', T=288.0, F=1.56329E-4/ 
&RAMP ID='HRRPUA_RAMP_Q', T=384.0, F=5.33712E-3/ 
&RAMP ID='HRRPUA_RAMP_Q', T=480.0, F=3.082024E-3/ 
&RAMP ID='HRRPUA_RAMP_Q', T=576.0, F=0.018838/ 
&RAMP ID='HRRPUA_RAMP_Q', T=672.0, F=0.139311/ 
&RAMP ID='HRRPUA_RAMP_Q', T=768.0, F=0.22372/ 
&RAMP ID='HRRPUA_RAMP_Q', T=864.0, F=0.390632/ 
&RAMP ID='HRRPUA_RAMP_Q', T=960.0, F=0.509986/ 
&RAMP ID='HRRPUA_RAMP_Q', T=1056.0, F=0.523279/ 
&RAMP ID='HRRPUA_RAMP_Q', T=1152.0, F=0.624278/ 
&RAMP ID='HRRPUA_RAMP_Q', T=1248.0, F=0.827159/ 
&RAMP ID='HRRPUA_RAMP_Q', T=1344.0, F=1.0/ 
&RAMP ID='HRRPUA_RAMP_Q', T=1440.0, F=0.987689/ 
&RAMP ID='HRRPUA_RAMP_Q', T=1536.0, F=0.882904/ 
&RAMP ID='HRRPUA_RAMP_Q', T=1632.0, F=0.835818/ 
&RAMP ID='HRRPUA_RAMP_Q', T=1728.0, F=0.798121/ 
&RAMP ID='HRRPUA_RAMP_Q', T=1824.0, F=0.797887/ 
&RAMP ID='HRRPUA_RAMP_Q', T=1920.0, F=0.696847/ 
&RAMP ID='HRRPUA_RAMP_Q', T=2016.0, F=0.658832/ 
&RAMP ID='HRRPUA_RAMP_Q', T=2112.0, F=0.569186/ 
&RAMP ID='HRRPUA_RAMP_Q', T=2208.0, F=0.566225/ 
&RAMP ID='HRRPUA_RAMP_Q', T=2304.0, F=0.523459/ 
&RAMP ID='HRRPUA_RAMP_Q', T=2400.0, F=0.450131/ 
&RAMP ID='HRRPUA_RAMP_Q', T=2496.0, F=0.379421/ 
&RAMP ID='HRRPUA_RAMP_Q', T=2592.0, F=0.327603/ 
&RAMP ID='HRRPUA_RAMP_Q', T=2688.0, F=0.270663/ 
&RAMP ID='HRRPUA_RAMP_Q', T=2784.0, F=0.224878/ 
&RAMP ID='HRRPUA_RAMP_Q', T=2880.0, F=0.181387/ 
&RAMP ID='HRRPUA_RAMP_Q', T=2976.0, F=0.167685/ 
&RAMP ID='HRRPUA_RAMP_Q', T=3072.0, F=0.147001/ 
&RAMP ID='HRRPUA_RAMP_Q', T=3168.0, F=0.132728/ 
&RAMP ID='HRRPUA_RAMP_Q', T=3264.0, F=0.121902/ 
&RAMP ID='HRRPUA_RAMP_Q', T=3360.0, F=0.104251/ 
&RAMP ID='HRRPUA_RAMP_Q', T=3456.0, F=0.094259/ 
&RAMP ID='HRRPUA_RAMP_Q', T=3552.0, F=0.085282/ 
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&RAMP ID='HRRPUA_RAMP_Q', T=3648.0, F=0.075621/ 
&RAMP ID='HRRPUA_RAMP_Q', T=3744.0, F=0.071038/ 
&RAMP ID='HRRPUA_RAMP_Q', T=3840.0, F=0.065555/ 
&RAMP ID='HRRPUA_RAMP_Q', T=3936.0, F=0.057835/ 
&RAMP ID='HRRPUA_RAMP_Q', T=4032.0, F=0.053749/ 
&RAMP ID='HRRPUA_RAMP_Q', T=4128.0, F=0.047069/ 
&RAMP ID='HRRPUA_RAMP_Q', T=4224.0, F=0.045659/ 
&RAMP ID='HRRPUA_RAMP_Q', T=4320.0, F=0.042984/ 
&RAMP ID='HRRPUA_RAMP_Q', T=4416.0, F=0.03948/ 
&RAMP ID='HRRPUA_RAMP_Q', T=4512.0, F=0.037647/ 
&RAMP ID='HRRPUA_RAMP_Q', T=4608.0, F=0.035657/ 
&RAMP ID='HRRPUA_RAMP_Q', T=4704.0, F=0.033621/ 
&RAMP ID='HRRPUA_RAMP_Q', T=4800.0, F=0.0/ 
 
&OBST ID='Vehicle ', XB=17.2,18.8,14.1,15.9,0.1675,1.0/  
&OBST ID='Side walls', XB=3.0,3.2,26.0,29.8,0.0,2.8/  
&OBST ID='Side walls', XB=3.0,33.0,29.8,30.0,0.0,2.8/  
&OBST ID='Side walls', XB=32.8,33.0,26.0,29.8,0.0,2.8/  
&OBST ID='Side walls', XB=3.0,3.2,1.0,5.0,0.0,2.8/  
&OBST ID='Side walls', XB=32.8,33.0,1.0,5.0,0.0,2.8/  
&OBST ID='Side walls', XB=3.0,3.2,5.0,10.0,0.0,2.8/  
&OBST ID='Side walls', XB=32.8,33.0,5.0,10.0,0.0,2.8/  
&OBST ID='Side walls', XB=3.0,3.2,10.0,18.0,0.0,2.8/  
&OBST ID='Side walls', XB=32.8,33.0,10.0,18.0,0.0,2.8/  
&OBST ID='Side walls', XB=3.0,3.2,18.0,26.0,0.0,2.8/  
&OBST ID='Side walls', XB=32.8,33.0,18.0,26.0,0.0,2.8/  
&OBST ID='Floor', XB=3.0,33.0,26.0,30.0,-0.2,0.0, SURF_ID='ADIABATIC'/  
&OBST ID='Floor', XB=3.0,33.0,1.0,5.0,-0.2,0.0, SURF_ID='ADIABATIC'/  
&OBST ID='Floor', XB=3.0,18.0,5.0,10.0,-0.2,0.0, SURF_ID='ADIABATIC'/  
&OBST ID='Floor', XB=18.0,33.0,5.0,10.0,-0.2,0.0, SURF_ID='ADIABATIC'/  
&OBST ID='Floor', XB=3.0,33.0,10.0,18.0,-0.2,0.0, SURF_ID='ADIABATIC'/  
&OBST ID='Floor', XB=3.0,33.0,18.0,26.0,-0.2,0.0, SURF_ID='ADIABATIC'/  
&OBST ID='Roof', XB=3.0,33.0,26.0,30.0,2.8,3.0, SURF_ID='ADIABATIC'/  
&OBST ID='Roof', XB=3.0,33.0,1.0,5.0,2.8,3.0, SURF_ID='ADIABATIC'/  
&OBST ID='Roof', XB=3.0,18.0,5.0,10.0,2.8,3.0, SURF_ID='ADIABATIC'/  
&OBST ID='Roof', XB=18.0,33.0,5.0,10.0,2.8,3.0, SURF_ID='ADIABATIC'/  
&OBST ID='Roof', XB=3.0,33.0,10.0,18.0,2.8,3.0, SURF_ID='ADIABATIC'/  
&OBST ID='Roof', XB=3.0,33.0,18.0,26.0,2.8,3.0, SURF_ID='ADIABATIC'/  
 
&VENT ID='Mesh Vent: MESH [XMAX]', SURF_ID='OPEN', XB=33.0,33.0,26.0,30.0,-0.2,3.8/  
&VENT ID='Mesh Vent: MESH [XMIN]', SURF_ID='OPEN', XB=3.0,3.0,26.0,30.0,-0.2,3.8/  
&VENT ID='Mesh Vent: MESH [YMAX]', SURF_ID='OPEN', XB=3.0,33.0,30.0,30.0,-0.2,3.8/  
&VENT ID='Mesh Vent: MESH [YMIN]', SURF_ID='OPEN', XB=3.0,33.0,26.0,26.0,3.0,3.8/  
&VENT ID='Mesh Vent: MESH [ZMAX]', SURF_ID='OPEN', XB=3.0,33.0,26.0,30.0,3.8,3.8/  
&VENT ID='Mesh Vent: MESH [ZMIN]', SURF_ID='OPEN', XB=3.0,33.0,26.0,30.0,-0.2,-0.2/  
&VENT ID='Mesh Vent: MESH01-01 [XMAX]', SURF_ID='OPEN', XB=33.0,33.0,0.0,5.0,-0.2,3.0/  
&VENT ID='Mesh Vent: MESH01-01 [XMIN]', SURF_ID='OPEN', XB=3.0,3.0,0.0,5.0,-0.2,3.0/  
&VENT ID='Mesh Vent: MESH01-01 [YMIN]', SURF_ID='OPEN', XB=3.0,33.0,0.0,0.0,-0.2,3.0/  
&VENT ID='Mesh Vent: MESH01-01 [ZMAX]', SURF_ID='OPEN', XB=3.0,33.0,0.0,5.0,3.0,3.0/  
&VENT ID='Mesh Vent: MESH01-01 [ZMIN]', SURF_ID='OPEN', XB=3.0,33.0,0.0,5.0,-0.2,-0.2/  
&VENT ID='Mesh Vent: MESH01-02-01-01 [XMIN]', SURF_ID='OPEN', XB=3.0,3.0,5.0,10.0,-0.2,3.0/  
&VENT ID='Mesh Vent: MESH01-02-01-01 [ZMAX]', SURF_ID='OPEN', XB=3.0,18.0,5.0,10.0,3.0,3.0/  
&VENT ID='Mesh Vent: MESH01-02-01-01 [ZMIN]', SURF_ID='OPEN', XB=3.0,18.0,5.0,10.0,-0.2,-0.2/  
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&VENT ID='Mesh Vent: MESH01-02-01-02 [XMAX]', SURF_ID='OPEN', XB=33.0,33.0,5.0,10.0,-0.2,3.0/  
&VENT ID='Mesh Vent: MESH01-02-01-02 [ZMAX]', SURF_ID='OPEN', XB=18.0,33.0,5.0,10.0,3.0,3.0/  
&VENT ID='Mesh Vent: MESH01-02-01-02 [ZMIN]', SURF_ID='OPEN', XB=18.0,33.0,5.0,10.0,-0.2,-0.2/  
&VENT ID='Mesh Vent: MESH01-02-02-01-merged-01 [XMAX]', SURF_ID='OPEN', XB=33.0,33.0,10.0,18.0,-
0.2,3.0/  
&VENT ID='Mesh Vent: MESH01-02-02-01-merged-01 [XMIN]', SURF_ID='OPEN', XB=3.0,3.0,10.0,18.0,-0.2,3.0/  
&VENT ID='Mesh Vent: MESH01-02-02-01-merged-01 [ZMAX]', SURF_ID='OPEN', XB=3.0,33.0,10.0,18.0,3.0,3.0/  
&VENT ID='Mesh Vent: MESH01-02-02-01-merged-01 [ZMIN]', SURF_ID='OPEN', XB=3.0,33.0,10.0,18.0,-0.2,-0.2/  
&VENT ID='Mesh Vent: MESH01-02-02-01-merged-02 [XMAX]', SURF_ID='OPEN', XB=33.0,33.0,18.0,26.0,-
0.2,3.0/  
&VENT ID='Mesh Vent: MESH01-02-02-01-merged-02 [XMIN]', SURF_ID='OPEN', XB=3.0,3.0,18.0,26.0,-0.2,3.0/  
&VENT ID='Mesh Vent: MESH01-02-02-01-merged-02 [ZMAX]', SURF_ID='OPEN', XB=3.0,33.0,18.0,26.0,3.0,3.0/  
&VENT ID='Mesh Vent: MESH01-02-02-01-merged-02 [ZMIN]', SURF_ID='OPEN', XB=3.0,33.0,18.0,26.0,-0.2,-0.2/  
&VENT ID='Inside', SURF_ID='HVAC', XB=5.989605,6.989605,28.0,29.0,2.75,2.75/  
&VENT ID='Outside', SURF_ID='HVAC', XB=5.992518,6.992518,28.0,29.0,2.951233,2.951233/  
&VENT ID='Outside01', SURF_ID='HVAC', XB=13.04215,14.04215,28.0,29.0,2.951233,2.951233/  
&VENT ID='Inside01', SURF_ID='HVAC', XB=13.042149,14.042149,28.0,29.0,2.75,2.75/  
&VENT ID='Inside02', SURF_ID='HVAC', XB=28.983898,29.983898,28.0,29.0,2.75,2.75/  
&VENT ID='Outside02', SURF_ID='HVAC', XB=28.983899,29.983899,28.0,29.0,2.951233,2.951233/  
&VENT ID='Outside03', SURF_ID='HVAC', XB=22.013351,23.013351,28.0,29.0,2.951233,2.951233/  
&VENT ID='Inside03', SURF_ID='HVAC', XB=22.01335,23.01335,28.0,29.0,2.75,2.75/  
&VENT ID='Species Injection ', SURF_ID='Gas Supply ', XB=17.75,18.25,14.75,15.25,0.1675,0.1675, IOR=-3/  
&VENT ID='Fire ', SURF_ID='HRRPUA', XB=17.2,18.8,14.1,15.9,1.0,1.0/  
 
&HVAC ID='Node01', TYPE_ID='NODE', DUCT_ID='Duct01', VENT_ID='Inside'/ 
&HVAC ID='Node02', TYPE_ID='NODE', DUCT_ID='Duct01', VENT_ID='Outside'/ 
&HVAC ID='Duct01', TYPE_ID='DUCT', DIAMETER=1.0, VOLUME_FLOW=1.68, NODE_ID='Node01','Node02', 
ROUGHNESS=1.0E-3, LENGTH=0.201254/ 
&HVAC ID='Node04', TYPE_ID='NODE', DUCT_ID='Duct02', VENT_ID='Outside01'/ 
&HVAC ID='Node03', TYPE_ID='NODE', DUCT_ID='Duct02', VENT_ID='Inside01'/ 
&HVAC ID='Duct02', TYPE_ID='DUCT', DIAMETER=1.0, VOLUME_FLOW=1.68, NODE_ID='Node03','Node04', 
ROUGHNESS=1.0E-3, LENGTH=0.201233/ 
&HVAC ID='Node06', TYPE_ID='NODE', DUCT_ID='Duct03', VENT_ID='Inside02'/ 
&HVAC ID='Node05', TYPE_ID='NODE', DUCT_ID='Duct03', VENT_ID='Outside02'/ 
&HVAC ID='Duct03', TYPE_ID='DUCT', DIAMETER=1.0, VOLUME_FLOW=1.68, NODE_ID='Node06','Node05', 
ROUGHNESS=1.0E-3, LENGTH=0.201233/ 
&HVAC ID='Node08', TYPE_ID='NODE', DUCT_ID='Duct04', VENT_ID='Outside03'/ 
&HVAC ID='Node07', TYPE_ID='NODE', DUCT_ID='Duct04', VENT_ID='Inside03'/ 
&HVAC ID='Duct04', TYPE_ID='DUCT', DIAMETER=1.0, VOLUME_FLOW=1.68, NODE_ID='Node07','Node08', 
ROUGHNESS=1.0E-3, LENGTH=0.201233/ 
 
&SLCF QUANTITY='VELOCITY', VECTOR=.TRUE., ID='Velocity  z =1  ', PBZ=1.0/ 
&SLCF QUANTITY='VELOCITY', VECTOR=.TRUE., ID='Velocity  z =1.2  ', PBZ=1.2/ 
&SLCF QUANTITY='VELOCITY', VECTOR=.TRUE., ID='Velocity  z = 2.4', PBZ=2.4/ 
&SLCF QUANTITY='VELOCITY', VECTOR=.TRUE., ID='Velocity  z = 2.60', PBZ=2.6/ 
&SLCF QUANTITY='VOLUME FRACTION', SPEC_ID='CARBON MONOXIDE', ID='FED', PBZ=2.0/ 
&SLCF QUANTITY='VOLUME FRACTION', SPEC_ID='CARBON DIOXIDE', ID='FED', PBZ=2.0/ 
&SLCF QUANTITY='VOLUME FRACTION', SPEC_ID='HYDROGEN CYANIDE', ID='FED', PBZ=2.0/ 
&SLCF QUANTITY='VOLUME FRACTION', SPEC_ID='HYDROGEN FLUORIDE', ID='FED ', PBZ=2.0/ 
&SLCF QUANTITY='VOLUME FRACTION', SPEC_ID='NITRIC OXIDEp', ID='FED', PBZ=2.0/ 
&SLCF QUANTITY='VOLUME FRACTION', SPEC_ID='SULFUR DIOXIDEm', ID='FED ', PBZ=2.0/ 
&SLCF QUANTITY='VOLUME FRACTION', SPEC_ID='OXYGEN', ID='FED ', PBZ=2.0/ 
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&TAIL / 
 
 
  



Fire toxicity and vent gas hazards in electric and hydrogen vehicles: flammability, toxicity, and the role of Ventilation 

  105 

A3. FDS mesh refinement  

Mesh refinement study was attempted but due to the limitations in the computational infrastructure 

the fine mesh (10cm cell mesh) crashed under 820 seconds in two different attempts due to lack of 

memory.  

Cold simulations were also performed with fine cell meshes which also crashed close to 1000 second 

mark.  

Hence the simulation was run using a moderate mesh (20cm) which took 7 days to run one simulation 

(mentioned in section 3.1). Therefore, error quantification was not possible in the simulations 

performed.  

 

Figure A3.1 FED comparison v/s time in zone LI at Z= 1,2 and 2.6 m using cell size 10 cm and 20cm 
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A4. Hydrogen source term verification using FLACS and FDS  

 

 

Figure A4. 1 Scenario DT_H2_1.99_0_FDS – Dispersion of hydrogen in FDS at 0 m/s  

 

 

Figure A4. 2 Scenario DT_H2_1.99_303_FLACS- Dispersion of hydrogen in FLACS at 303 m/s 

 

 

 

Figure A4. 3 Scenario DT_H2_1.99_1189_FLACS- Dispersion of hydrogen in FLACS at 1189 m/s 
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A5.  FLACS mesh refinement  

 

Figure A5.1 Grid used in the domain 

 

Figure A5.2 Refined grid used for modelling the jet 
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A6. Flammable volume of LFP dispersion cloud 

 

Figure A6.1 Flammable volume of the LFP cloud formed by varying ventilation conditions  
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A7. Flammable volume of hydrogen dispersion cloud 

 

 

Figure A7.1 Flammable volume of the Hydrogen cloud formed at 3 g/s by varying ventilation conditions  

 

 

Figure A7.2 Flammable volume of the hydrogen cloud formed at 2.5 kg/s by varying ventilation conditions  
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A8. FLACS model setup – Scenario file for LFP vent gas  

The following is the scenario file used to create LFP venting at 10 ACH in FLACS VERSION 0.5. 

%TEMPLATE="_v9.1/scenario/default+1" 
%!TEMPLATE_NAME="Dispersion and ventilation" 
%!SIMULATOR="flacs" 
%!TITLE="Dispersion test with ventilation" 
%!DESCRIPTION="" 
%!WRITE_ALL_VARIABLES="false" 
%!VERSION="v22.2" 
%!TAGS="" 
%!FREQUENCY=1 
 
SINGLE_FIELD_VARIABLES 
  NFMIX      "MassFractionMixture" 1          "(-)       " N 
    "Mixture fraction" 
  NFMOLE_MAX "MoleFractionFuel_Max" 1          "(m3/m3)   " N 
    "Maximum fuel mole fraction" 
  NTCONS     "ToxicConcentration" 1          "(mg/m3)   " N 
    "Toxic concentration" 
  NTDOSE     "ToxicDose " 1          "(mg/m3*minute)" N 
    "Toxic dose" 
  PDEATH     "ToxicDeathProbability" 1          "(-)       " N 
    "Probability of death as function of toxic probit" 
  NP         "Pressure  " 1          "(barg)    " N 
    "Pressure" 
  NFUEL      "MassFractionFuel" 1          "(-)       " N 
    "Fuel mass fraction" 
  NPROD      "MassFractionProducts" 1          "(-)       " N 
    "Combustion product mass fraction" 
  NRFU       "CombustionRate" 1          "(kg/(m3*s))" N 
    "Combustion Rate" 
  NFMOLE     "MoleFractionFuel" 1          "(m3/m3)   " N 
    "Fuel mole fraction" 
  NER        "EquivalenceRatio" 1          "(-)       " N 
    "Equivalence ratio" 
  NVVEC      "VelocityVector" 3          "(m/s)     " N 
    "Velocity vector" 
  NU         "VelocityX " 0          "(m/s)     " N 
    "Velocity component x-direction" 
  NV         "VelocityY " 0          "(m/s)     " N 
    "Velocity component y-direction" 
  NW         "VelocityZ " 0          "(m/s)     " N 
    "Velocity component z-direction" 
  NUVW       "VelocityMagnitude" 1          "(m/s)     " N 
    "Velocity value" 
EXIT SINGLE_FIELD_VARIABLES 
 
MONITOR_POINTS 
INSERT 1   0        0        2.6 
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INSERT 2   0        7.5      2.6 
INSERT 3   0        15       2.6 
INSERT 4   0        22.5     2.6 
INSERT 5   0        30       2.6 
INSERT 6   7.5      0        2.6 
INSERT 7   7.5      7.5      2.6 
INSERT 8   7.5      15       2.6 
INSERT 9   7.5      22.5     2.6 
INSERT 10   7.5      30       2.6 
INSERT 11   15       0        2.6 
INSERT 12   15       7.5      2.6 
INSERT 13   15       15       2.6 
INSERT 14   15       22.5     2.6 
INSERT 15   15       30       2.6 
INSERT 16   22.5     0        2.6 
INSERT 17   22.5     7.5      2.6 
INSERT 18   22.5     15       2.6 
INSERT 19   22.5     22.5     2.6 
INSERT 20   22.5     30       2.6 
INSERT 21   30       0        2.6 
INSERT 22   30       7.5      2.6 
INSERT 23   30       15       2.6 
INSERT 24   30       22.5     2.6 
INSERT 25   30       30       2.6 
EXIT MONITOR_POINTS 
 
PRESSURE_RELIEF_PANELS 
EXIT PRESSURE_RELIEF_PANELS 
 
SINGLE_FIELD_SCALAR_TIME_OUTPUT 
NFMIX 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
 21 22 23 24 25 
NFMOLE_MAX 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
 21 22 23 24 25 
NTCONS 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
 21 22 23 24 25 
NTDOSE 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
 21 22 23 24 25 
PDEATH 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
 21 22 23 24 25 
NP 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
 21 22 23 24 25 
NPROD 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
 21 22 23 24 25 
NFMOLE 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
 21 22 23 24 25 
EXIT SINGLE_FIELD_SCALAR_TIME_OUTPUT 
 
SINGLE_FIELD_3D_OUTPUT 
NFUEL 
NPROD 
NRFU 
NFMOLE 
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NER 
NVVEC 
NU 
NV 
NW 
NUVW 
EXIT SINGLE_FIELD_3D_OUTPUT 
 
SIMULATION_AND_OUTPUT_CONTROL 
     MODE                           "TRANSIENT" 
     TSTART                         -1 
     TMIN                           -1 
     TMAX                           1667 
     LAST                           -1 
     LOAD                           -1 
     JLOAD                          "" 
     CFLC                           100 
     CFLV                           2 
     STEP                           "" 
     KEYS                           "" 
     MODD                           1 
     NPLOT                          0 
     DTPLOT                         2.5 
     INCOMPRESSIBLE                 0 
     WALLF                          1 
     HEAT_SWITCH                    0 
     SPLIT_CGNS                     "ALL" 
EXIT SIMULATION_AND_OUTPUT_CONTROL 
 
BOUNDARY_CONDITIONS 
     XLO                            "NOZZLE" 
     XHI                            "NOZZLE" 
     YLO                            "NOZZLE" 
     YHI                            "NOZZLE" 
     ZLO                            "NOZZLE" 
     ZHI                            "NOZZLE" 
EXIT BOUNDARY_CONDITIONS 
 
INITIAL_CONDITIONS 
     UP-DIRECTION                   0              0              1 
     GRAVITY_CONSTANT               9.8 
     CHARACTERISTIC_VELOCITY        0.1 
     RELATIVE_TURBULENCE_INTENSITY  0.3 
     TURBULENCE_LENGTH_SCALE        0.05 
     TEMPERATURE                    20 
     AMBIENT_PRESSURE               100000 
     AIR                            "NORMAL" 
     GROUND_HEIGHT                  0 
     GROUND_ROUGHNESS               0.0002 
     REFERENCE_HEIGHT               10 
     CANOPY_HEIGHT                  0 
     LATITUDE                       0 
     SURFACE_HEAT_P1                0              0              0 
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     SURFACE_HEAT_P2                0              0              0 
     MEAN_SURFACE_HEAT_FLUX         0 
     PASQUILL_CLASS                 "NONE" 
EXIT INITIAL_CONDITIONS 
 
GAS_COMPOSITION_AND_VOLUME 
     POSITION_OF_FUEL_REGION        0              0              0 
     DIMENSION_OF_FUEL_REGION       0              0              0 
     TOXIC_SPECIFICATION            "" 
VOLUME_FRACTIONS 
     TOXIC                          0 
     HYDROGEN                       0.309 
     CARBON_DIOXIDE                 0.53 
     ETHYLENE                       0.068 
     CARBON_MONOXIDE                0.048 
     METHANE                        0.041 
     ETHANE                         0.003 
EXIT VOLUME_FRACTIONS 
 
 
     EQUIVALENCE_RATIOS_(ER0_ER9)   1e+30          0 
EXIT GAS_COMPOSITION_AND_VOLUME 
 
LEAKS 
INSERT 1 
     TYPE                           "FAN:AreaLeak(profile=Uniform,shape=Rectangular)" 
     POSITION                       3              28             2.7 
     SIZE                           1              1              0 
     OPEN_SIDES                     "+Z" 
     START_TIME                     0 
     DURATION                       1667 
OUTLET 
     AREA                           1 
     MASS_FLOW                      2.06 
     VELOCITY                       1.68 
     RELATIVE_TURBULENCE_INTENSITY  0 
     TURBULENCE_LENGTH_SCALE        0 
     TEMPERATURE                    0 
     DIRECTION_COSINES              0              0              0 
EXIT OUTLET 
 
 
VESSEL 
     PRESSURE                       0 
     TEMPERATURE                    0 
     VOLUME                         0 
     HEAT_EXCHANGE_COEFFICIENT      0 
     WALL_TEMPERATURE               0 
EXIT VESSEL 
 
 
INSERT 2 
     TYPE                           "FAN:AreaLeak(profile=Uniform,shape=Rectangular)" 
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     POSITION                       10             28             2.7 
     SIZE                           1              1              0 
     OPEN_SIDES                     "+z" 
     START_TIME                     0 
     DURATION                       1667 
OUTLET 
     AREA                           1 
     MASS_FLOW                      2.06 
     VELOCITY                       1.68 
     RELATIVE_TURBULENCE_INTENSITY  0 
     TURBULENCE_LENGTH_SCALE        0 
     TEMPERATURE                    0 
     DIRECTION_COSINES              0              0              0 
EXIT OUTLET 
 
 
VESSEL 
     PRESSURE                       0 
     TEMPERATURE                    0 
     VOLUME                         0 
     HEAT_EXCHANGE_COEFFICIENT      0 
     WALL_TEMPERATURE               0 
EXIT VESSEL 
 
 
INSERT 3 
     TYPE                           "FAN:AreaLeak(profile=Uniform,shape=Rectangular)" 
     POSITION                       19             28             2.7 
     SIZE                           1              1              0 
     OPEN_SIDES                     "+z" 
     START_TIME                     0 
     DURATION                       1667 
OUTLET 
     AREA                           1 
     MASS_FLOW                      2.06 
     VELOCITY                       1.68 
     RELATIVE_TURBULENCE_INTENSITY  0 
     TURBULENCE_LENGTH_SCALE        0 
     TEMPERATURE                    0 
     DIRECTION_COSINES              0              0              0 
EXIT OUTLET 
 
 
VESSEL 
     PRESSURE                       0 
     TEMPERATURE                    0 
     VOLUME                         0 
     HEAT_EXCHANGE_COEFFICIENT      0 
     WALL_TEMPERATURE               0 
EXIT VESSEL 
 
 
INSERT 4 
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     TYPE                           "FAN:AreaLeak(profile=Uniform,shape=Rectangular)" 
     POSITION                       26             28             2.7 
     SIZE                           1              1              0 
     OPEN_SIDES                     "+z" 
     START_TIME                     0 
     DURATION                       1667 
OUTLET 
     AREA                           1 
     MASS_FLOW                      2.06 
     VELOCITY                       1.68 
     RELATIVE_TURBULENCE_INTENSITY  0 
     TURBULENCE_LENGTH_SCALE        0 
     TEMPERATURE                    0 
     DIRECTION_COSINES              0              0              0 
EXIT OUTLET 
 
 
VESSEL 
     PRESSURE                       0 
     TEMPERATURE                    0 
     VOLUME                         0 
     HEAT_EXCHANGE_COEFFICIENT      0 
     WALL_TEMPERATURE               0 
EXIT VESSEL 
 
 
INSERT 5 
%#!! Added by leak wizard, do not edit 
%#!! Jet program input: 
%# 
     TYPE                           "JET" 
     POSITION                       15             15             0.2 
     SIZE                           0              0              0 
     OPEN_SIDES                     "-Z" 
     START_TIME                     20 
     DURATION                       608 
OUTLET 
     AREA                           9.324254070590843e-05 
     MASS_FLOW                      0.03878000006079674 
     VELOCITY                       314.17528324672674 
     RELATIVE_TURBULENCE_INTENSITY  0.10000000149011612 
     TURBULENCE_LENGTH_SCALE        0.0010895875073461292 
     TEMPERATURE                    -18.974000985938915 
     DIRECTION_COSINES              0              0              0 
EXIT OUTLET 
 
 
VESSEL 
     PRESSURE                       0 
     TEMPERATURE                    0 
     VOLUME                         0 
     HEAT_EXCHANGE_COEFFICIENT      0 
     WALL_TEMPERATURE               0 
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EXIT VESSEL 
 
 
EXIT LEAKS 
 
IGNITION 
     POSITION_OF_IGNITION_REGION    0              0              0 
     DIMENSION_OF_IGNITION_REGION   0              0              0 
     TIME_OF_IGNITION               999999 
     DURATION_OF_IGNITION           0 
     RADMAX                         0 
EXIT IGNITION 
 
EXIT 
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A9. FLACS model setup – Scenario file for H2 leak 

The following is the scenario file used to create 3 g/s H2 leak at 10 ACH in FLACS VERSION 0.5. 

%TEMPLATE="_v9.1/scenario/default+1" 
%!TEMPLATE_NAME="Dispersion and ventilation" 
%!SIMULATOR="flacs" 
%!TITLE="Dispersion test with ventilation" 
%!DESCRIPTION="" 
%!WRITE_ALL_VARIABLES="false" 
%!VERSION="v22.2" 
%!TAGS="" 
%!FREQUENCY=1 
 
SINGLE_FIELD_VARIABLES 
  NP         "Pressure  " 1          "(barg)    " N 
    "Pressure" 
  NFUEL      "MassFractionFuel" 1          "(-)       " N 
    "Fuel mass fraction" 
  NPROD      "MassFractionProducts" 1          "(-)       " N 
    "Combustion product mass fraction" 
  NRFU       "CombustionRate" 1          "(kg/(m3*s))" N 
    "Combustion Rate" 
  NFMOLE     "MoleFractionFuel" 1          "(m3/m3)   " N 
    "Fuel mole fraction" 
  NER        "EquivalenceRatio" 1          "(-)       " N 
    "Equivalence ratio" 
  NVVEC      "VelocityVector" 3          "(m/s)     " N 
    "Velocity vector" 
  NU         "VelocityX " 0          "(m/s)     " N 
    "Velocity component x-direction" 
  NV         "VelocityY " 0          "(m/s)     " N 
    "Velocity component y-direction" 
  NW         "VelocityZ " 0          "(m/s)     " N 
    "Velocity component z-direction" 
  NUVW       "VelocityMagnitude" 1          "(m/s)     " N 
    "Velocity value" 
EXIT SINGLE_FIELD_VARIABLES 
 
MONITOR_POINTS 
INSERT 1   0        0        2.6 
INSERT 2   0        7.5      2.6 
INSERT 3   0        15       2.6 
INSERT 4   0        22.5     2.6 
INSERT 5   0        30       2.6 
INSERT 6   7.5      0        2.6 
INSERT 7   7.5      7.5      2.6 
INSERT 8   7.5      15       2.6 
INSERT 9   7.5      22.5     2.6 
INSERT 10   7.5      30       2.6 
INSERT 11   15       0        2.6 
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INSERT 12   15       7.5      2.6 
INSERT 13   15       15       2.6 
INSERT 14   15       22.5     2.6 
INSERT 15   15       30       2.6 
INSERT 16   22.5     0        2.6 
INSERT 17   22.5     7.5      2.6 
INSERT 18   22.5     15       2.6 
INSERT 19   22.5     22.5     2.6 
INSERT 20   22.5     30       2.6 
INSERT 21   30       0        2.6 
INSERT 22   30       7.5      2.6 
INSERT 23   30       15       2.6 
INSERT 24   30       22.5     2.6 
INSERT 25   30       30       2.6 
EXIT MONITOR_POINTS 
 
PRESSURE_RELIEF_PANELS 
EXIT PRESSURE_RELIEF_PANELS 
 
SINGLE_FIELD_SCALAR_TIME_OUTPUT 
NP 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
 21 22 23 24 25 
NPROD 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
 21 22 23 24 25 
NFMOLE 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
 21 22 23 24 25 
NV 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
 21 22 23 24 25 
EXIT SINGLE_FIELD_SCALAR_TIME_OUTPUT 
 
SINGLE_FIELD_3D_OUTPUT 
NFUEL 
NPROD 
NRFU 
NFMOLE 
NER 
NVVEC 
NU 
NV 
NW 
NUVW 
EXIT SINGLE_FIELD_3D_OUTPUT 
 
SIMULATION_AND_OUTPUT_CONTROL 
     MODE                           "TRANSIENT" 
     TSTART                         -1 
     TMIN                           -1 
     TMAX                           1667 
     LAST                           -1 
     LOAD                           -1 
     JLOAD                          "" 
     CFLC                           100 
     CFLV                           2 
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     STEP                           "" 
     KEYS                           "" 
     MODD                           1 
     NPLOT                          0 
     DTPLOT                         2.5 
     INCOMPRESSIBLE                 0 
     WALLF                          1 
     HEAT_SWITCH                    0 
     SPLIT_CGNS                     "ALL" 
EXIT SIMULATION_AND_OUTPUT_CONTROL 
 
BOUNDARY_CONDITIONS 
     XLO                            "NOZZLE" 
     XHI                            "NOZZLE" 
     YLO                            "NOZZLE" 
     YHI                            "NOZZLE" 
     ZLO                            "NOZZLE" 
     ZHI                            "NOZZLE" 
EXIT BOUNDARY_CONDITIONS 
 
INITIAL_CONDITIONS 
     UP-DIRECTION                   0              0              1 
     GRAVITY_CONSTANT               9.8 
     CHARACTERISTIC_VELOCITY        0.1 
     RELATIVE_TURBULENCE_INTENSITY  0.3 
     TURBULENCE_LENGTH_SCALE        0.05 
     TEMPERATURE                    20 
     AMBIENT_PRESSURE               100000 
     AIR                            "NORMAL" 
     GROUND_HEIGHT                  0 
     GROUND_ROUGHNESS               0.0002 
     REFERENCE_HEIGHT               10 
     CANOPY_HEIGHT                  0 
     LATITUDE                       0 
     SURFACE_HEAT_P1                0              0              0 
     SURFACE_HEAT_P2                0              0              0 
     MEAN_SURFACE_HEAT_FLUX         0 
     PASQUILL_CLASS                 "NONE" 
EXIT INITIAL_CONDITIONS 
 
GAS_COMPOSITION_AND_VOLUME 
     POSITION_OF_FUEL_REGION        0              0              0 
     DIMENSION_OF_FUEL_REGION       0              0              0 
     TOXIC_SPECIFICATION            "" 
VOLUME_FRACTIONS 
     TOXIC                          0 
     HYDROGEN                       1 
EXIT VOLUME_FRACTIONS 
 
 
     EQUIVALENCE_RATIOS_(ER0_ER9)   1e+30          0 
EXIT GAS_COMPOSITION_AND_VOLUME 
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LEAKS 
INSERT 1 
     TYPE                           "FAN:AreaLeak(profile=Uniform,shape=Rectangular)" 
     POSITION                       3              28             2.7 
     SIZE                           1              1              0 
     OPEN_SIDES                     "+Z" 
     START_TIME                     0 
     DURATION                       1667 
OUTLET 
     AREA                           1 
     MASS_FLOW                      2.06 
     VELOCITY                       1.68 
     RELATIVE_TURBULENCE_INTENSITY  0 
     TURBULENCE_LENGTH_SCALE        0 
     TEMPERATURE                    0 
     DIRECTION_COSINES              0              0              0 
EXIT OUTLET 
 
 
VESSEL 
     PRESSURE                       0 
     TEMPERATURE                    0 
     VOLUME                         0 
     HEAT_EXCHANGE_COEFFICIENT      0 
     WALL_TEMPERATURE               0 
EXIT VESSEL 
 
 
INSERT 2 
     TYPE                           "FAN:AreaLeak(profile=Uniform,shape=Rectangular)" 
     POSITION                       10             28             2.7 
     SIZE                           1              1              0 
     OPEN_SIDES                     "+z" 
     START_TIME                     0 
     DURATION                       1667 
OUTLET 
     AREA                           1 
     MASS_FLOW                      2.06 
     VELOCITY                       1.68 
     RELATIVE_TURBULENCE_INTENSITY  0 
     TURBULENCE_LENGTH_SCALE        0 
     TEMPERATURE                    0 
     DIRECTION_COSINES              0              0              0 
EXIT OUTLET 
 
 
VESSEL 
     PRESSURE                       0 
     TEMPERATURE                    0 
     VOLUME                         0 
     HEAT_EXCHANGE_COEFFICIENT      0 
     WALL_TEMPERATURE               0 
EXIT VESSEL 
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INSERT 3 
     TYPE                           "FAN:AreaLeak(profile=Uniform,shape=Rectangular)" 
     POSITION                       19             28             2.7 
     SIZE                           1              1              0 
     OPEN_SIDES                     "+z" 
     START_TIME                     0 
     DURATION                       1667 
OUTLET 
     AREA                           1 
     MASS_FLOW                      2.06 
     VELOCITY                       1.68 
     RELATIVE_TURBULENCE_INTENSITY  0 
     TURBULENCE_LENGTH_SCALE        0 
     TEMPERATURE                    0 
     DIRECTION_COSINES              0              0              0 
EXIT OUTLET 
 
 
VESSEL 
     PRESSURE                       0 
     TEMPERATURE                    0 
     VOLUME                         0 
     HEAT_EXCHANGE_COEFFICIENT      0 
     WALL_TEMPERATURE               0 
EXIT VESSEL 
 
 
INSERT 4 
     TYPE                           "FAN:AreaLeak(profile=Uniform,shape=Rectangular)" 
     POSITION                       26             28             2.7 
     SIZE                           1              1              0 
     OPEN_SIDES                     "+z" 
     START_TIME                     0 
     DURATION                       1667 
OUTLET 
     AREA                           1 
     MASS_FLOW                      2.06 
     VELOCITY                       1.68 
     RELATIVE_TURBULENCE_INTENSITY  0 
     TURBULENCE_LENGTH_SCALE        0 
     TEMPERATURE                    0 
     DIRECTION_COSINES              0              0              0 
EXIT OUTLET 
 
 
VESSEL 
     PRESSURE                       0 
     TEMPERATURE                    0 
     VOLUME                         0 
     HEAT_EXCHANGE_COEFFICIENT      0 
     WALL_TEMPERATURE               0 
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EXIT VESSEL 
 
 
INSERT 5 
%#!! Added by leak wizard, do not edit 
%#!! Jet program input: 
%# 
     TYPE                           "JET" 
     POSITION                       15             15             0.2 
     SIZE                           0              0              0 
     OPEN_SIDES                     "-Z" 
     START_TIME                     20 
     DURATION                       1600 
OUTLET 
     AREA                           2.5327226928094984e-05 
     MASS_FLOW                      0.003000000026077032 
     VELOCITY                       1189.1836105117384 
     RELATIVE_TURBULENCE_INTENSITY  0.10000000149011612 
     TURBULENCE_LENGTH_SCALE        0.0005678699485303478 
     TEMPERATURE                    -29.728897434744283 
     DIRECTION_COSINES              0              0              0 
EXIT OUTLET 
 
 
VESSEL 
     PRESSURE                       0 
     TEMPERATURE                    0 
     VOLUME                         0 
     HEAT_EXCHANGE_COEFFICIENT      0 
     WALL_TEMPERATURE               0 
EXIT VESSEL 
 
 
EXIT LEAKS 
 
IGNITION 
     POSITION_OF_IGNITION_REGION    0              0              0 
     DIMENSION_OF_IGNITION_REGION   0              0              0 
     TIME_OF_IGNITION               999999 
     DURATION_OF_IGNITION           0 
     RADMAX                         0 
EXIT IGNITION 
 
EXIT 
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A10. FLACS model setup – Scenario file for explosion modelling  

The following is the scenario file used to ignite 3 g/s H2 leak at 10 ACH in FLACS VERSION 0.5. 

%TEMPLATE="_v9.1/scenario/default+1" 
%!TEMPLATE_NAME="Gas explosion" 
%!SIMULATOR="flacs" 
%!TITLE="Explosion of H2 cloud " 
%!DESCRIPTION="" 
%!WRITE_ALL_VARIABLES="false" 
%!VERSION="v22.2" 
%!TAGS="" 
%!FREQUENCY=1 
 
SINGLE_FIELD_VARIABLES 
  NPIMP      "PressureImpulse" 1          "(Pa*s)    " N 
    "Pressure impulse" 
  NP         "Pressure  " 1          "(barg)    " N 
    "Pressure" 
  NFUEL      "MassFractionFuel" 1          "(-)       " N 
    "Fuel mass fraction" 
  NPROD      "MassFractionProducts" 1          "(-)       " N 
    "Combustion product mass fraction" 
  NRFU       "CombustionRate" 1          "(kg/(m3*s))" N 
    "Combustion Rate" 
  NFMOLE     "MoleFractionFuel" 1          "(m3/m3)   " N 
    "Fuel mole fraction" 
  NER        "EquivalenceRatio" 1          "(-)       " N 
    "Equivalence ratio" 
  NVVEC      "VelocityVector" 3          "(m/s)     " N 
    "Velocity vector" 
  NU         "VelocityX " 0          "(m/s)     " N 
    "Velocity component x-direction" 
  NV         "VelocityY " 0          "(m/s)     " N 
    "Velocity component y-direction" 
  NW         "VelocityZ " 0          "(m/s)     " N 
    "Velocity component z-direction" 
  NUVW       "VelocityMagnitude" 1          "(m/s)     " N 
    "Velocity value" 
EXIT SINGLE_FIELD_VARIABLES 
 
MONITOR_POINTS 
INSERT 1   0        0        2.6 
INSERT 2   0        7.5      2.6 
INSERT 3   0        15       2.6 
INSERT 4   0        22.5     2.6 
INSERT 5   0        30       2.6 
INSERT 6   7.5      0        2.6 
INSERT 7   7.5      7.5      2.6 
INSERT 8   7.5      15       2.6 
INSERT 9   7.5      22.5     2.6 
INSERT 10   7.5      30       2.6 
INSERT 11   15       0        2.6 
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INSERT 12   15       7.5      2.6 
INSERT 13   15       15       2.6 
INSERT 14   15       22.5     2.6 
INSERT 15   15       30       2.6 
INSERT 16   22.5     0        2.6 
INSERT 17   22.5     7.5      2.6 
INSERT 18   22.5     15       2.6 
INSERT 19   22.5     22.5     2.6 
INSERT 20   22.5     30       2.6 
INSERT 21   30       0        2.6 
INSERT 22   30       7.5      2.6 
INSERT 23   30       15       2.6 
INSERT 24   30       22.5     2.6 
INSERT 25   30       30       2.6 
EXIT MONITOR_POINTS 
 
PRESSURE_RELIEF_PANELS 
EXIT PRESSURE_RELIEF_PANELS 
 
SINGLE_FIELD_SCALAR_TIME_OUTPUT 
NP 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
 21 22 23 24 25 
NPROD 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
 21 22 23 24 25 
NFMOLE 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
 21 22 23 24 25 
NV 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
 21 22 23 24 25 
EXIT SINGLE_FIELD_SCALAR_TIME_OUTPUT 
 
SINGLE_FIELD_3D_OUTPUT 
NPIMP 
NP 
NFUEL 
NPROD 
NRFU 
NFMOLE 
NER 
NVVEC 
NU 
NV 
NW 
NUVW 
EXIT SINGLE_FIELD_3D_OUTPUT 
 
SIMULATION_AND_OUTPUT_CONTROL 
     MODE                           "TRANSIENT" 
     TSTART                         -1 
     TMIN                           -1 
     TMAX                           -1 
     LAST                           -1 
     LOAD                            2  (change this based on the desired load file Appendix A11 ) 
     JLOAD                          "000000" 
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     CFLC                           5 
     CFLV                           0.5 
     STEP                           "" 
     KEYS                           "" 
     MODD                           1 
     NPLOT                          5 
     DTPLOT                         0.025 
     INCOMPRESSIBLE                 0 
     WALLF                          1 
     HEAT_SWITCH                    0 
     DDT                            "AUTO" 
     DDT_TIME                       -1 
     SPLIT_CGNS                     "ALL" 
EXIT SIMULATION_AND_OUTPUT_CONTROL 
 
BOUNDARY_CONDITIONS 
     XLO                            "EULER" 
     XHI                            "EULER" 
     YLO                            "EULER" 
     YHI                            "EULER" 
     ZLO                            "EULER" 
     ZHI                            "EULER" 
EXIT BOUNDARY_CONDITIONS 
 
INITIAL_CONDITIONS 
     UP-DIRECTION                   0              0              1 
     GRAVITY_CONSTANT               9.8 
     CHARACTERISTIC_VELOCITY        200 
     RELATIVE_TURBULENCE_INTENSITY  0.3 
     TURBULENCE_LENGTH_SCALE        0.05 
     TEMPERATURE                    20 
     AMBIENT_PRESSURE               100000 
     AIR                            "NORMAL" 
     GROUND_HEIGHT                  0 
     GROUND_ROUGHNESS               0.0002 
     REFERENCE_HEIGHT               10 
     CANOPY_HEIGHT                  0 
     LATITUDE                       0 
     SURFACE_HEAT_P1                0              0              0 
     SURFACE_HEAT_P2                0              0              0 
     MEAN_SURFACE_HEAT_FLUX         0 
     PASQUILL_CLASS                 "NONE" 
EXIT INITIAL_CONDITIONS 
 
GAS_COMPOSITION_AND_VOLUME 
     POSITION_OF_FUEL_REGION        0              0              0 
     DIMENSION_OF_FUEL_REGION       0              0              0 
     TOXIC_SPECIFICATION            "" 
VOLUME_FRACTIONS 
     TOXIC                          0 
     HYDROGEN                       1 
EXIT VOLUME_FRACTIONS 
 



  Appendix 

126   

 
     EQUIVALENCE_RATIOS_(ER0_ER9)   1e+30          0 
EXIT GAS_COMPOSITION_AND_VOLUME 
 
LEAKS 
EXIT LEAKS 
 
IGNITION 
     POSITION_OF_IGNITION_REGION    0              0              0 
     DIMENSION_OF_IGNITION_REGION   30             30             2.7 
     TIME_OF_IGNITION               60.05 
     DURATION_OF_IGNITION           30 
     RADMAX                         0 
EXIT IGNITION 
 
EXIT 
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A11. FLACS dispersion and explosion – dump file list and load time 

Table A11.1 List of dump and load files in FLACS dispersion simulation 

NLOAD TLOAD 

1 30 

2 60 

3 120 

4 180 

5 500 

6 520 

7 570 

8 100 

9 1432 

10 1500 

For LFP dispersion explosion modelling  

Load file used: N Load 4 + 0.05 Seconds.  

For H2 explosion modelling  

Table A11.2 List of dump and load files in FLACS H2 explosion modelling  

Scenario  Time  N Load  

EX_H2_1.0_10ACH 120 3 

EX_H2_1.9_10ACH, EX_H2_1.9_RC, EX_H2_1.9_NV  60 2 

EX_H2_3.0_10ACH, EX_H2_3.0_RC, EX_H2_3.0_NV 60 2 

EX_H2_BEVI_10ACH, EX_H2_BEVI_RC, EX_H2_BEVI_NV 30 1 
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A12. Critical velocity and dispersion  

 

 

Figure A12.1  Dispersion cloud of LFP vent gas at velocity of 0.9m/s  

 

 

 

Figure A12.2  Dispersion cloud of Hydrogen gas (3 g/s) at velocity of 0.9m/s  

 


