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Foreword 
 

 
Lithium-ion battery usage is currently under development for many applications, including for instance cell 
phones, laptops, electric micro-mobility but also stationary energy storage using battery energy storage systems 
(BESS). With this fast subsequent developing market, the risk of fire (and sometimes explosion) events might 
increase if appropriate attention is not paid to safety assessment, design selection, and mitigation practices. As 
for other types of fire, there is an increased awareness that the potential impact of such events on human health 
and the environment need to be thoroughly assessed. Consequently, a prerequisite and urgent issue to be fulfilled 
is a reasonable description of potential emissions of such BESS fires. 
 
To meet these emissions characterization objective, the first significant step is to have a good description of the 
system itself, including a global overview of materials used in those BESS together with the distribution and 
configuration. Then, to address the environmental impact, (i) the emission pathway is firstly discussed based on 
the analysis of several accidents that occurred in the last decade; (ii) secondly, based on an in depth survey of 
peer-reviewed open literature, data retrieved consolidating current knowledge on lithium-ion battery fire 
emissions are discussed, considering both gaseous and particles emissions to the atmosphere and to firefighting 
run-off water. 
 
The study underlines some particularity of LIBs fire. At first HF may appear as a potential marker of LIBs emission, 
having in mind it strongly reacts during dispersion. Also, while particle matter emitted in LIBs fire emission are 
lower than the one of fires with high smoke production but contains large amount of metals, while metal 
contamination is clearly an issue of LIBs fire. Also, it was stressed out that emission factors or many substances, 
such as PAH or VOC need further analysis. 
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FOREWORD 

This document has been drawn up based on information transmitted to Ineris. Ineris shall not be liable, 
whether directly or indirectly, for any inaccuracies, omissions, or errors or any similar occurrences related 
to the information supplied.  

The accuracy of this document must be assessed based on the objective knowledge available and, 
where appropriate, the current regulations at the date of the approval of this document. Accordingly, 
Ineris shall not be held liable if the knowledge and regulations evolve further after this date. The service 
shall not entail any obligation for Ineris to update this document once approved. 

The preparation of this document and the correlated service are carried out within an obligation of means. 

Given the missions entrusted under article R131-36 of the French Environmental Code, Ineris is not a 
decision maker. Hence, the opinions, recommendations, advice, or equivalent proposed by Ineris within 
the context of this service are solely aimed at assisting the decision-making process. As a result, the 
responsibility of Ineris cannot replace that of the decision maker that is, therefore, solely responsible for 
any interpretations of this document. Any recipient of the document shall use its results in their entirety 
or at least in an unbiased manner. The use of the document in the form of extracts or summary notes 
will be the sole and entire responsibility of the recipient. The same applies for any amendments that may 
be made thereto. Ineris declines all responsibility for any use of the document outside the purpose of the 
mission. 

In the event of any discrepancies between the general conditions of sale and the provisions of this 
preamble, the provisions of this preamble shall prevail on the provisions of the general conditions of sale. 

Sandia National Laboratories is a multi-mission laboratory managed and operated by National 
Technology & Engineering Solutions of Sandia, LLC, a wholly owned subsidiary of Honeywell 
International Inc., for the U.S. Department of Energy’s National Nuclear Security Administration under 
contract DE-NA0003525. This paper describes objective technical results and analysis. Any subjective 
views or opinions that might be expressed in the paper do not necessarily represent the views of the U.S. 
Department of Energy or the United States Government. 
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Executive summary 
The usage of lithium-ion batteries is rapidly advancing across various applications, including 
smartphones, laptops, electric micro-mobility devices, and stationary battery energy storage systems 
(BESS). Among these, BESS have the unique capability to cover a wide range of energy needs, with 
capacities ranging from several hundred kWh for residential applications to several MWh in industrial 
cases. However, the significant onboard energy associated with BESS raises safety concerns, 
particularly regarding the potential environmental impact of fires. These concerns are especially relevant 
given the rapid development of the lithium-ion market. If appropriate attention is not given to safety 
assessments, design selection, and mitigation practices in the rush to keep pace with market demands, 
the risks of fire (and, in some cases, explosion) could increase. Although notable progress has been 
made in reducing the failure rates of BESS, the number and scale of these systems have surged 
dramatically. Consequently, large BESS fires often capture public attention, as seen in the recent Moss 
Landing fire on January 16, 2025. Public concern is also growing regarding the potential effects of 
battery fires on human health and the environment, particularly in terms of air quality, water resources, 
and soil health. Despite the acknowledgment of these issues, there remains a significant gap in 
assessing the true impact of such fires on public health.  

To assess the environmental impact of BESS fires, it is essential to establish a comprehensive 
understanding of the potential emissions generated by such incidents. This study aims to highlight the 
current state of knowledge regarding emissions from BESS fires and propose an initial dataset of 
emission factors specific to these events. 

To meet these emissions characterization objectives, the first step proposed for this study was to provide 
a comprehensive description of a BESS, including an overview of the materials used, their distribution, 
and their configuration. BESS systems enable the storage and delivery of energy on demand, facilitating 
the energy balance required by grid-connected systems (e.g., renewable intermittent energy production 
devices such as photovoltaic systems) or reinforcing the energy grid through peak shaving and 
responding to user demand. Each BESS system consists of a combination of electrochemical cells that, 
depending on the chosen configuration, meet specific voltage, current, power, and energy requirements.  

A BESS is composed of two parts: the components related to the electrochemical cells (such as the 
anode, cathode, electrolyte, and separator), which account for 60 percent of the BESS mass, and those 
unrelated to the cells [the connecting tabs and cables, battery management system (BMS), casing, 
cooling systems, etc.]. In summary, the main materials that make up a BESS include metallic 
compounds (nickel, manganese, cobalt, lithium, iron, aluminum, copper, steel); carbonaceous species; 
binder materials, including PFAS, plastic components [e.g., polyethylene terephthalate (PET)], non-
aqueous electrolytes (carbon-based solvents with lithium salts that also contain fluorine), and electronic 
components. It is worth noting that the composition may depend on the specific system, especially in 
regard to the selected battery chemistry [with lithium fer phosphate (LFP) being the most widely used 
chemistry in BESS compared to nickel cobalt aluminum (NCA) and nickel manganese cobalt (NMC)].  

These components, or their degraded forms, can become exposed to the environment once a BESS 
fire is triggered and can potentially lead to pollution. One mode of pollution is the sedimentation of the 
smoke plume, which is often diluted at some distance from the incident. Another possible pollution 
pathway is via the extinguishing agents used, typically water, which can carry emissions emanating from 
the damaged battery. Additionally, fire residues contribute, either directly or after deposition, landfilling, 
or recycling, to soil and water pollution. While these emission pathways are well identified, determining 
the emissions to be considered for BESS is not trivial, as it depends on multiple parameters (such as 
the combustion mechanism, particle size distribution, BESS design, and lithium-ion cell composition). 
Because environmental contamination depends on a fire’s characteristics, defining the fire scenario is a 
crucial issue. Given that numerous fires have occurred in BESS during the last decade, it makes sense 
to use lessons learned from those incidents to study the emission pathways. 

To provide an accurate overview of BESS fires, an analysis of several incidents that offer insights into 
the environmental impact of BESS fires was performed. Incident reports also provided the opportunity 
to study the methods used (e.g., firefighting methods) and develop recommendations (e.g., wasted 
water retreatment). For instance, after a fire at a battery recycling facility in Saint-Quentin-Fallavier 
(France, 2012), no heavy metal pollution was found in the river into which rainwater run-off was poured 
(most likely due to heavy rainfall dilution). The report for the Perles-et-Castelet fire (France, 2020) noted 
the need to collect wastewater after the extensive use of water directly onto the container. The BESS 
fire in Geelong (Australia, 2021) demonstrated a common firefighting method of spraying water around 
the BESS rather than directly onto the burning container while still collecting the water for treatment. 
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The Morris fire (USA, 2021) led to legal action regarding the release of pollutants into the air and water. 
The Hwaseong case (Korea, 2024) highlighted the human risks associated with battery fires, as it led to 
the deaths of 22 people. Meanwhile, the Moss Landing site (USA) has now reported three large incidents 
in 2021, 2022, and 2025.  

While the majority of BESS fire scenarios tend to correspond to failures within a single container, several 
cases of propagation and explosion have been reported, complicating firefighting operations. In addition, 
while heat release rates with BESS fires are moderate compared to similarly sized fires of other types, 
that does not necessarily mean there is less of an environmental impact, as a high concentration of 
contaminants tends to be deposited in the immediate vicinity of a BESS fire due to lower smoke dilution. 

To assess the emission factors, a review of scientific literature primarily found data obtained from small-
scale cases. Whether these results can be used to predict the effects of larger fires is sometimes 
questioned; however, these results still provide insightful data and can occasionally be extrapolated to 
represent larger fires. For instance, a study evaluating extinguishing water pollution after thermal 
runaway of NMC batteries considered the dilution ratio of real fire cases and highlighted that the pollution 
could potentially affect nearby water ecosystems based on the concentrations.  

More generally, the state-of-the-art review yielded a broad overview of the pollutants emitted by BESS 
fires, summarized below: 

• Gaseous emissions: Toxic and flammable gases are released during thermal runaway. The 
composition of the gaseous mixture evolves depending on many factors (such as battery 
chemistry, state-of-charge, and thermal runaway progression) and may include liquid electrolyte 
vaporization; carbon monoxide; carbon dioxide; dihydrogen; hydrocarbons (like methane, 
ethane, ethylene); polycyclic aromatic hydrocarbons (like benzene, toluene, styrene, biphenyl); 
fluorinated compounds (especially hydrogen fluoride and phosphoryl fluoride); and other toxic 
species such as acrolein, hydrogen cyanide, ammonia, and sulfur dioxide. Notably, the literature 
review underscores the lack of studies analyzing polycyclic aromatic hydrocarbons (PAHs) and 
volatile organic compound (VOC) emissions.  

• Aerosol emissions: The aerosols emitted by BESS fires are made up of particles ranging from 
micrometers to nanometers, combined with liquid droplets. Depending on the battery chemistry, 
different types of particles have been observed (in terms of morphology, composition, and 
quantity), resulting in aerosol solid particles composed of a mixture of metallic (Ni, Al, Cu, Co, 
Mn, and Li) and non-metallic (C, O, F, Si, P, and S) species. The risk of environmental pollution 
and threat to human life cannot be dismissed, as some aerosol particles contain toxic elements 
and can be inhaled due to their size. In addition to aerosol particles, solid particles larger than 
a millimeter were also found. 

• Wastewater: Generally, wastewater is loaded with ions, metallic elements, and organic 
compounds, and the resulting toxicity is significantly affected by the water’s exposure to battery 
fragments and smoke, as well as by the resulting dilution ratio. Consequently, water pollution 
greatly depends on the intervention method selected (whether water is applied directly to the 
battery/system, to the surroundings, or used via an immersion tank). Available studies highlight 
the potential sources of pollution linked to wastewater. 

While the literature provides awareness of the pollution caused by battery thermal runaway, it is difficult 
to define the lithium-ion battery emission factors due to a lack of large-scale data; insufficient information 
(e.g., gas concentrations without total emission volume); variations in gas analysis methods; and the 
wide range of lithium-ion battery (LIB) chemistries and formats considered. Moreover, the absence of 
mass loss reporting for BESS fires impedes the definition of their emission factors in grams of emitted 
gas by gram of fuel burned (typically performed in combustion research).  

A methodology for calculating LIB emission factors was proposed, normalizing the emission factor to 
the nominal energy stored (expressed in Wh). The values were normalized based on data provided in 
literature or by using a generic LIB value (160 Wh/kg for a full battery and 250 Wh/kg for a cell or group 
of cells without external systems). Three approaches were used to calculate emission factors: 

• The emission factors considered for building the database were estimated directly from the 
scientific papers reviewed, with verification of the measurement methods used and the test 
conditions performed. 

• Emission curves from scientific papers were integrated, when available, to estimate the total 
amount produced by a given gas. The results were then normalized with the potential available 
energy based on the sample mass. 
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• Results from previous in-house studies were also considered. 

Emission factors for LIBs, obtained using this methodology on the available data, were then compared 
to those for hydrocarbons, internal combustion engine (ICE) vehicles, battery electric vehicles (BEV) 
vehicles, and tires, leading to the following observations: 

• Emission factors for CO and CO2 are not significantly different for LIBs compared to other fuels, 
such as hydrocarbons, or vehicles (with a cautionary note that the CO/CO2 ratio for LIBs does 
not directly illustrate the fire ventilation conditions, as LIBs release CO and O2 in vented gases).  

• Nitrogen oxide emissions appear to be higher for LIBs (though this requires further 
investigation). Regarding halogenated acids, as expected, the emission factor for hydrofluoric 
acid (HF), while not necessarily high, is greater for batteries and BEVs than for ICE vehicles.  

− Both halogenated acids and nitrogen oxides (NOx) are particularly concerning as they 
strongly pollute soil and water and deplete the ozone layer.  

• Particle matter production also appears to be lower for LIBs. However, it is important to note 
that the composition of this particle matter, or more significantly, the particles, likely differs 
between carbon-based fuels and LIBs, mainly due to the presence of metals in the particle 
matter from LIBs.  

− One of the key potential pollutants with long-term effects for LIBs may be metals. Fire 
tests underscore a significant emission factor for this type of fuel, much larger than for 
other fuels, even tires, which are one of the classic fuels with the largest metal emission 
factors. 

− Among the metals found, cobalt and nickel are particularly concerning due to their 
toxicity to humans and the environment. 

• The emission factors for VOCs and PAHs for LIBs seem to be of the same order of magnitude 
as those observed for other fuels. 

Several key issues were raised, including the need to clarify the emission factors for each chemical 
composition of LIBs. In addition, as metallic pollution is a particular concern with LIBs, it was decided 
that a specific screening of metallic species should be implemented after a LIB fire, as each metal 
impacts the air and water is different ways. Guidelines were also provided for collecting relevant 
information for improving emission factors. For instance, continuous gas analysis and mass loss rate 
measurements were recommended, as were studies dedicated to assessing battery environmental 
impact. The dependence of emission factors on battery chemistry, triggering methods, and system 
configurations also warrants further investigation in future studies.  

To further study the environmental impact of LIBs, fire modeling based on previously defined emission 
factors and considering three representative cases was conducted (covering past events and 
anticipating future potential events with large BESS). The resulting scenarios for LIBs were compared 
to the same scenarios for hydrocarbons, PVC, and tire storage (for a general overview, as the emission 
factors remain uncertain). The main findings from the simulations indicated that LIB fires generally have 
limited thermo-kinetic energy in the fire plume, resulting in reduced atmospheric dispersion. 
Consequently, PAH and similar product deposits may be higher for a LIB fire than for a classic fuel fire 
with the same emission factor magnitude, mainly due to this lower atmospheric mixing. In addition, 
metals appear to be one of the most critical pollutants when considering potential deposits from LIB 
fires. A cautionary note remains, as these results should be analyzed in light of the difficulties 
encountered in defining robust emission factors for specific pollutants emitted by LIB fires, particularly 
metals, which remain a significant unknown parameter in assessing the environmental impact of LIB 
fires. 

As with any fire, BESS fires represent a potential source of environmental pollution. Several pathways 
exist for contamination, which highly depend on the specific scenario and the firefighting methods used. 
Emission factors for LIBs were proposed but rely on limited available data. The main conclusion of this 
study is that the emission of particles containing metallic compounds caused by LIB fires represents a 
significant concern specific to LIB fires. Other toxic species emissions, such as PAHs and VOCs, were 
reported and require further analysis. Improvements in measurement and reporting values were 
suggested for future studies to enhance knowledge on LIB emissions.  

While emission factors strongly influence environmental impact, they are not the only parameter. Indeed, 
the dispersion of the plume is also a critical factor. A particularity of LIB fires highlighted in this study is 
the limited dilution of the fire plume due to the kinetics involved, which affects the indirect contamination 
of soil and water. Finally, more extensive analyses of contamination in real cases and large-scale testing 
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are recommended to broaden and gather more consistent data for future environmental impact 
assessments of LIB fires. 

Abstract 
L'utilisation de batteries lithium-ion est actuellement en plein développement pour de nombreuses 
applications, notamment les téléphones, les ordinateurs, l’électromobilité et le stockage stationnaire 
d'énergie (BESS). Parmi ces applications, les systèmes BESS ont la particularité de couvrir un large 
éventail de solutions, leur capacité pouvant aller de quelques centaines de kWh, pour une application 
résidentielle, à plusieurs MWh dans le cas d'une application industrielle. Dans l’éventualité d’un 
incendie, l'énergie embarquée plus importante des BESS soulève des questions à la fois en termes de 
sécurité et d'impact sur l'environnement. Ces préoccupations grandissent d’autant plus lorsque l'on 
considère le développement rapide du marché des batteries Li-ion. En effet, le risque d'incendie et 
d'explosion peut augmenter si, pour suivre l’évolution du marché, un manque d’attention est apporté 
lors de l'évaluation de la sécurité des systèmes, la sélection des matériaux, la conception du système 
et le choix des solutions de mitigations. A noter, des progrès remarquables ont été accomplis puisque 
le taux de défaillance des BESS a considérablement diminué. Dans le même temps, le nombre et la 
taille des systèmes BESS ont également augmenté de façon spectaculaire et les incendies de BESS 
sont alors largement médiatisés, comme l'illustre l’incendie de Moss Landing du 16 janvier 2025 
amplement relayé. Le public s'inquiète de plus en plus de l'influence potentielle des incendies de 
batteries sur la santé humaine et l'environnement (qualité de l'air, eau et sols). Cependant, même si la 
problématique est clairement identifiée, l'impact réel de ces incendies sur la santé publique est encore 
peu évalué.  

Pour évaluer l'impact environnemental des incendies de BESS, il est urgent et indispensable de définir 
les émissions associées à ces incendies. Dans ce contexte, l'étude, présentée ci-après a été menée 
pour mettre en évidence l'état actuel des connaissances sur les émissions des BESS. Elle propose 
également un premier ensemble de jeu de données associé aux facteurs d'émission spécifiques aux 
incendies de BESS. 

Pour atteindre cet objectif de caractérisation des émissions, la première étape proposée dans l'étude a 
été de fournir une description du système incluant une vue d'ensemble des matériaux utilisés ainsi que 
les différentes configurations rencontrées pour répondre aux applications variées. Les systèmes BESS 
offrent ainsi la possibilité de stocker et de fournir de l'énergie à la demande pour répondre, par exemple, 
à l'équilibrage requis par l'utilisation de systèmes connectés au réseau (par exemple, des dispositifs de 
production d'énergie renouvelable intermittente comme le photovoltaïque) ou pour renforcer le réseau 
(par écrêtement des pics de consommation ou pour répondre à la demande d’énergie de l'utilisateur). 
Chaque système BESS est composé d'un ensemble de cellules électrochimiques qui, selon la 
configuration choisie, répond à des exigences spécifiques en matière de tension, de courant, de 
puissance et d'énergie. La composition du BESS peut être divisée en deux parties, l’une liée aux cellules 
électrochimiques (anode, cathode, électrolyte et séparateur) pouvant représenter 60 % de la masse du 
BESS, et le reste du système (connectique, système de management de la batterie (BMS), enveloppe 
mécanique, systèmes de refroidissement, etc.). In fine, les principaux matériaux intégrés dans les BESS 
sont les suivants : composés métalliques (nickel, manganèse, cobalt, lithium, fer, aluminium, cuivre, 
acier), espèces carbonées, liants polymères incluant des PFAS, composants plastiques (par exemple 
le PET), électrolyte liquide (solvant non-aqueux avec un sel de lithium parfois à base de fluor) et 
composants électroniques. Il convient de souligner que la composition peut évoluer en fonction du 
système considéré et en particulier de la chimie de la batterie choisie (le LFP étant la technologie la 
plus répandue dans les BESS par rapport au chimies NCA et NMC). 

Lors de l’incendie d'un BESS, les composants susmentionnés ainsi que leurs formes dégradées, sont 
susceptibles d'être rencontrés et peuvent potentiellement polluer l'environnement par différentes voies. 
L'une d'entre elles est la sédimentation du panache de fumée, souvent après dilution, à une certaine 
distance de l'incident. Une autre voie possible de pollution est liée à l’utilisation d’agents d'extinction, 
généralement de l'eau, qui peuvent transporter avec eux les polluant émanant de la batterie 
endommagée. De même, les résidus d'incendie participent à la pollution du sol et de l'eau soit 
directement soit après dépôt/enfouissement/recyclage. Si les voies d'émission sont bien identifiées, la 
détermination des émissions à prendre en compte pour les BESS n'est pas aisée car elle dépend de 
plusieurs paramètres (fonction du BESS impliqué et des compositions initiales des cellules Li-ion, du 
mécanisme de combustion, de la distribution de la taille des particules, etc.). Étant donné que la 
contamination de l'environnement dépend fortement des caractéristiques de l'incendie, la définition du 
scénario de l'incendie est une question cruciale. Afin d’être représentatif et compte tenu des nombreux 
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incendies de BESS rapportés tout au lors de la dernière décennie, il semble opportun de tirer les leçons 
de ces incendies pour construire et définir les émissions associées. 

Une analyse, de plusieurs incidents donnant un aperçu de l'impact sur l'environnement, a été réalisée 
afin de fournir une vue d'ensemble précise des incendies de BESS. Les rapports d'incidents offrent 
également la possibilité d'extraire certaines observations (e.g. la méthode de lutte contre l'incendie 
utilisée) et recommandations (e.g. le retraitement des eaux d’extinction). A titre d’exemple, certains cas 
ont été décrits comme l'incendie d'une usine de recyclage de batteries à Saint-Quentin Fallavier 
(France, 2012) qui a mis en évidence l'absence de pollution par les métaux lourds de la rivière dans 
laquelle les eaux de ruissellement ont été déversées (très probablement en raison d'une forte dilution 
dues aux pluies); l'incendie de Perles-et-Castelet (France 2020) qui a mis en évidence l'utilisation 
importante d'eau directement sur le conteneur pour gérer l'incendie et la nécessité de collecter ces eaux; 
l'incendie du BESS à Geelong (Australie, 2021) qui montre une méthode communément utilisée de lutte 
contre l'incendie consistant à pulvériser de l'eau autour du BESS et non directement sur le conteneur 
en feu tout en collectant l'eau pour la traiter; l'incendie à Morris (États-Unis, 2021) qui a donné lieu à 
une action en justice concernant le rejet de polluants dans l'air et dans l'eau ; l'incendie Hwaseong 
(Corée 2024) qui rappelle les dangers des incendies de BESS (22 morts) et les larges incendies répétés 
à Moss-Landing (États-Unis) en 2021, 2022 et 2025. Bien que la majorité des scénarios d'incendie de 
BESS tendent à se limiter à la défaillance d’un seul conteneur, plusieurs cas de propagation et 
d'explosion sont signalés, ce qui complique les opérations de lutte contre l'incendie. En outre, même si 
le dégagement de chaleur est modéré par rapport à des incendies de taille similaire, ceci n'implique pas 
directement des impacts environnementaux moindres car une forte concentration de contaminants tend 
à se déposer dans le voisinage immédiat de l'incendie en raison de la faible dilution des fumées. 

Pour estimer le facteur d'émission, un état de l’art de la littérature scientifique a été réalisé et a permis 
d’extraire des données obtenues lors d’essais à petite échelle. La représentativité de ces données vis-
à-vis des incendies réels est parfois remise en question, toutefois certaines extrapolations sont 
proposées. Par exemple, une étude évaluant la pollution de l'eau d'extinction après l'emballement 
thermique des batteries NMC a pris en compte le taux de dilution d’un cas d'incendie réel pour mettre 
en évidence une potentielle pollution des écosystèmes aquatiques proches compte tenu des 
concentrations obtenues. Plus généralement, l'examen de l'état de l'art a donné un large aperçu des 
contaminants pouvant être rencontrés comme le résume le tableau ci-dessous : 

- Émission de gaz : Des gaz toxiques et inflammables sont libérés lors de l'emballement 
thermique. La composition du mélange gazeux évolue fonction de nombreux facteurs (chimie 
de la batterie, état de charge de la batterie et évolution de l'emballement thermique) mais reste 
notamment composé d'électrolyte vaporisé , de monoxyde de carbone et de dioxyde de 
carbone, de dihydrogène, d'hydrocarbures (comme le méthane, l'éthane, l'éthylène), 
d'hydrocarbures aromatiques polycycliques (comme le benzène, le toluène, le styrène, le 
biphényle), de composés fluorés (en particulier l’acide fluorhydrique et le fluorure de 
phosphoryle), et d'autres espèces toxiques comme l’acroléine, le cyanure d'hydrogène, 
l'ammoniac ou même le dioxyde de souffre. Il est à noter que la revue de la littérature souligne 
le manque d'articles analysant les émissions de HAP et les COV.  

- Émission d'aérosols : L'aérosol émis conduit à la libération de particules, dont la taille varie de 
l'échelle du µm à celle du nm, combinées à des gouttelettes de liquide. En fonction de la chimie 
de la batterie, différents types de particules (morphologie, composition, quantité) sont 
observées, les particules solides restant composées d'un mélange de composés métalliques 
(Ni, Al, Cu, Co, Mn et Li) et non-métalliques (C, O, F, Si, P et S). Le risque de pollution de 
l'environnement et la menace pour la vie humaine ne peuvent donc pas être écartés car 
certaines particules d'aérosol sont composées d'éléments toxiques, et certains aérosols 
peuvent être respirés en raison de leur taille réduite. Outre les particules d'aérosol, on retiendra 
que des particules solides sont également émises avec une taille supérieure au millimètre. 

- Eaux usées : En général, les eaux usées sont chargées d'ions, d'éléments métalliques et de 
composés organiques, dont la toxicité est fortement influencée par l'exposition aux fragments 
de batterie et aux fumées, ainsi que par le taux de dilution. Par conséquent, la pollution de l'eau 
dépend fortement de la méthode d'intervention choisie (fonction si l'eau est appliquée 
directement sur la batterie/le système ou plutôt sur les éléments environnant la batterie ou si 
un réservoir d'immersion est préféré). Les études disponibles mettent en évidence la pollution 
potentielle liée aux eaux usées. 
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Alors que la littérature scientifique mets facilement en évidence le risque de pollution induite par les feux 
de batterie, des difficultés ont été rencontrées pour définir des facteurs d'émission, en raison du manque 
de données à grande échelle, du manque d'informations fournies dans les publications (par exemple 
indication de la concentration des gaz sans le volume total émis), de la diversité des méthodes d’analyse 
des gaz mise en place, de la diversité de chimies et de formats batteries étudiées. En outre, l'absence 
de valeurs sur la perte de masse empêche la définition des facteurs d'émission à exprimer en grammes 
de gaz émis par gramme de combustible brûlé (comme généralement défini dans le domaine de la 
combustion).  

Une méthodologie dédiée à la définition du facteur d'émission des LIBs a donc été proposée en utilisant 
la normalisation du facteur d'émission par rapport à l'énergie nominale stockée (exprimée en Wh). Les 
valeurs ont été normalisées par rapport aux données fournies par la littérature ou par une valeur 
générique si l’information n’était pas fournie (160 Wh/kg pour une batterie complète et 250 Wh/kg pour 
une cellule ou un groupe de cellules sans système externe). Trois méthodes ont été ensuite appliquées 
pour collecter les valeurs de facteur d’émission :  

- Le facteur d'émission considéré pour construire la base de données est estimé directement 
dans l'article scientifique examiné. Seule une vérification des méthodes de mesure utilisées et 
des conditions d'essai est alors effectuée. 

- L'intégration des courbes d'émission dans les articles scientifiques est effectuée, lorsqu'elles 
sont disponibles, afin d'estimer la quantité totale produite pour un gaz donné. Les résultats sont 
ensuite normalisés par l'énergie potentielle disponible en fonction de la masse de l'échantillon. 

- Les résultats des précédentes études menées en internes Ineris et Sandia sont pris en compte. 

Les facteurs d'émission pour les LIB, obtenus avec cette méthodologie sur la base des données 
disponibles, ont ensuite été comparés à ceux des hydrocarbures, des véhicules avec moteur à 
combustion interne (ICE), des véhicules électriques (EV) et des pneus, ce qui a permis d'aboutir aux 
conclusions suivantes : 

- Les facteurs d’émission de CO et de CO2 ne sont pas significativement différents pour les LIBs 
par rapport à d'autres carburants tels que les hydrocarbures ou les véhicules (attention le 
rapport CO/CO2 des LIBs ne traduit pas directement la ventilation du feu car les LIBs libèrent 
du CO et de l’O2).  

- Les émissions d'oxyde d'azote semblent augmentées dans le cas des LIBs (à approfondir). En 
ce qui concerne les acides halogénés, comme attendu, le facteur d'émission du HF, sans être 
nécessairement élevé, est plus important pour les batteries et les EV que pour les véhicules 
ICE 

o A noter, les acides halogénés et les NOx sont particulièrement préoccupants car ils 
polluent fortement le sol et l'eau et détruisent la couche d'ozone.  

- La production de particules semble être plus faible pour les LIB. Toutefois, il est important de 
souligner que la composition des particules diffère, principalement en raison de la présence de 
métaux dans la matière particulaire des LIB.  

o Les principaux polluants des LIBs avec effet à long terme sont probablement les 
métaux. Les essais feu témoignent de facteurs d'émission significatifs pour ce type de 
combustible, beaucoup plus important que pour d'autres combustibles, même les 
pneus qui sont pourtant l'un des combustibles classiques avec le plus grand facteur 
d'émission de métaux. 

o Parmi les métaux trouvés, le cobalt et le nickel sont très préoccupants en raison de leur 
toxicité vis-à-vis des êtres humains et de l'environnement. 

- Les facteurs d’émission des COV et HAP des LIBs semblent être du même ordre de grandeur 
que ceux observés pour d'autres combustibles. 

Certains verrous encore à lever ont été mis en avant, comme la nécessité de clarifier le facteur 
d'émission en fonction de la composition chimique des LIBs. En outre, la préoccupation liée aux 
émissions de métaux amène à préconiser un contrôle spécifique des espèces métalliques après les 
feux de batteries, contrôle à réaliser tout s’attachant à l’impact spécifique de chaque métal sur 
l’environnement, à la fois dans l'air et dans l'eau. Des recommandations ont également été proposées 
pour collecter les informations pertinentes à l’amélioration des facteurs d'émission. Par exemple, 
l'analyse en continu des gaz et de la perte de masse est conseillée pour toute étude dédiée à l’évaluation 
de l'impact environnemental des feux de batteries. La dépendance des facteurs d'émission aux chimies 
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de batteries, aux méthodes d’initiation de l’emballement thermique et aux diverses configurations 
système reste également une piste à creuser dans les études futures.  

Pour approfondir l'étude de l'impact environnemental des batteries Li-ion, une modélisation des 
incendies a été réalisée en se basant sur les facteurs d'émission définis précédemment tout en prenant 
en compte trois cas représentatifs (couvrant les événements passés et anticipant les potentiels futurs 
événements associés aux feux de larges BESS). Les scénarios feux ont été comparés pour différents 
carburants stockés : LIBs, hydrocarbures, PVC et de pneus (comparaison réalisée pour donner 
seulement un ordre de grandeur compte tenu de l'incertitude associée à la définition des facteur 
d'émission LIBs). Les principaux enseignements tirés des simulations sont, tout d'abord, la dilution 
réduite du panache d'incendie pour les incendies de batteries. En effet, les incendies de batteries sont 
associés généralement à une énergie thermocinétique réduite du panache de fumée, entraînant alors 
une dispersion limitée dans l'atmosphère. Par conséquent, les dépôts de HAP et de produits similaires 
peuvent être plus importants lors d'un incendie de batteries LIBs en comparaison d'un incendie de 
combustible classique ayant le même facteur d'émission, principalement en raison de cette dilution 
atmosphérique plus faible. En outre, les métaux ont été identifiés comme les polluants potentiellement 
les plus critiques en regards des dépôts à la suite des feux batterie. Une mise en garde demeure, car 
ces résultats doivent être analysés à la lumière de la difficulté rencontrée pour définir des facteurs 
émission robustes pour les polluants spécifiques émis par les batteries, notamment les métaux, qui 
restent une inconnue dans l'évaluation de l'impact des environnemental des incendies de batterie. 

Comme tout incendie, les incendies de BESS représentent une source potentielle de pollution de 
l'environnement. Il existe plusieurs chemins de contaminations qui dépendent fortement du scénario 
envisagé et de la méthode de lutte contre l'incendie utilisée. Des facteurs d'émission dédiés aux LIBS 
ont été proposés, mais ils reposent sur peu de données disponibles. La principale de conclusion de 
cette étude est l'émission de particules contenant des composés métalliques dans les incendies de 
BESS et ce contenu métallique représente une préoccupation majeure spécifique à ce type d’incendie. 
L’émission d’autres espèces toxiques comme les HAP et les COV a été signalée et nécessite une 
analyse plus approfondie pour être consolidée. Des améliorations en termes de mesures et valeurs à 
fournir ont été proposées pour les futures études menées pour améliorer les connaissances sur les 
émissions des LIBs. Bien que les facteurs d'émission influencent fortement l'impact environnemental, 
ils ne constituent pas le seul paramètre. En effet, la dispersion du panache est également un paramètre 
clé essentiel. Une particularité de l'incendie de LIBs mise en évidence dans l'étude est la dilution limitée 
du panache d'incendie en raison de la cinétique impliquée, ce qui affecte la contamination indirecte du 
sol et de l'eau. En conclusion, une analyse plus approfondie de la contamination en situation réelle et 
lors d’essais à grande échelle est conseillée afin d'élargir et de rassembler plus de données cohérentes 
pour l'analyse future de l'impact environnemental des incendies de LIBs.  
 

Keywords:Li-Ion batteries, environmental impact, fire 
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ABBREVIATION 
AES: Atomic emission spectroscopy 
BESS: Battery energy storage system 
BEV: Battery electrical vehicle 
DEC: Diethyl carbonate 
DMC: Dimethyl carbonate  
EC: Ethylene carbonate  
EMC: Ethyl methyl carbonate 
ESS: Energy storage system  
EV: Electric vehicles  
FPA: Fire propagation apparatus 
GC: Gas chromatography  
MS: Mass spectrometer   
MSS: Micro-soot sensor 
ICE: Internal combustion engine 
ICP: Inductively coupled plasma 
IDLH: Immediately dangerous to life and health 
IEC: International electrochemical commission 
ISO: International Organization for Standardization 
EEPS: Engine exhaust particle sizer 
FTIR: Fourier transform infrared  
LCO: Lithium cobalt oxide 
LFP: Lithium fer phosphate  
LIB: Lithium-ion battery 
NCA: Nickel cobalt aluminum 
NMC: Nickel manganese cobalt 
NFPA: National Fire Protection Association  
PCCD/F: Polychlorinated dibenzodioxins and dibenzofurans 
PFAS: Per- or poly-fluorinated alkyl substances 
SMPS: Scanning mobility particle sizer 
SOC: State of charge 
PAH: Polycyclic aromatic hydrocarbons 
PN: Particulate matter 
SEM-EDS: Scanning electron microscope and electronic differential system 
TC: Technical committee 
TG-DTA: Thermo-gravimetry differential thermal analysis 
UL: Underwriters Laboratories 
VOC: Volatile organic compounds 
WG: Working group 
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1 Context and introduction 
Lithium-ion batteries (LIBs) have become a leading energy storage solution, enabling today’s market 
and use of a diverse range of applications, from consumer products to fully industrial systems, including 
mobile devices, power tools, electric vehicles, and grid-connected energy storage systems. LIBs play a 
crucial role in advancing renewable energy solutions as LIBs can regulate their intermittent nature. 
However, the increasing prevalence of LIBs has raised significant safety and environmental concerns, 
particularly the consequences of fires associated with one component, typically an individual container, 
of these stationary battery energy storage systems (BESS). These BESS may reach the tens of 
gigawatts of power range based on their modular design and very high storage capacity. This report 
investigates the environmental ramifications of BESS fires, comparing them to other types of fires. 

The safety risks of BESS fires are well known; however, the environmental impacts are not as well 
documented. As with fires in most structures or equipment, these incidents lead to the release of toxic 
and hazardous materials into the environment, affecting air quality, water resources, and soil health. 
While the batteries themselves have distinctive compositions, there is limited information on if LIB fires 
pose a higher risk of environmental contamination than other large structure fires. This report represents 
an effort to collect what information is available and identify what knowledge gaps exist in understanding 
any increased environmental risks from large battery fires. This report draws on a variety of sources, 
including recent research findings, detailed case studies, and input from experts in the field, to 
understand the environmental impact of Li-ion BESS fires within the wider energy sector. The impact of 
mitigation strategies on the emission and contamination are also reported to provide insights on different 
fire cases (depending on the mitigation method used). 

This report consists of an extensive public literature review combined with in-house experimental results 
analysis and considers several fundamental aspects of the environmental impact of fire. The report also 
elaborates on the development of emission factors and a comparison of the potential environmental 
impacts of LIB fires compared to fires involving other fuels. The report is structured as follows: 

• Detailed composition of BESS – Identifying all the materials potentially involved in a fire and 
those that could influence the smoke composition, such as catalytic materials for PCCD/F 
(polychlorinated dibenzodioxins and dibenzofurans) formation, fire water run-off, and other 
potential liquid leaks. 

• Fire development scenarios – Using scientific literature and available data on fires, facilitated 
by Ineris participation in TC120 and involvement in investigations for the French Bureau of 
Investigation and Analysis of Industrial Risks (BEA-RI), established after a large chemical fire 
disaster in Rouen in 2019. Fire scenario identification will help distinguish toxic product 
emissions, their pathways, and subsequent environmental impacts (air, soil, and water). 

• Data on gaseous and particulate emissions – Including condensable and particulate emissions 
to the air in the case of battery fires and other identified materials compared to other common 
fires. 

• Data on combustion products transferred to soil and water – Including water run-off containing 
toxic products compared to other common fires. This section also considers the contamination 
of edible vegetables through deposits or water run-off. 

• Mitigation measures – Reflected by IEC TC 120 (Electrical Energy Storage Systems) and 
related standards published or under development at their working group (WG) 4 
(environmental issues). The analysis is facilitated by the active participation of the Ineris team 
in this technical committee (TC). 

• Discussion on emission factors – Based on available data in the literature and highlighting the 
limitations in test methods to obtain such values.  

• Comparative environmental impact evaluation – For fires involving LIBs and similar fires with 
other fuels. The objective is not to estimate the real impact of such fires due to the many 
uncertainties of emission factors but to provide a comparison of the potential impact. 

Ineris and Sandia used their extensive access to scientific literature to perform create this report. Ineris’ 
connection with the French ministry in charge of the environment was crucial for accessing detailed 
accident reports with several post-accident measurements. We also leveraged our connections with 
various organizations that provided similar data in other countries, particularly through recent 
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collaborations with Paul Christensen’s extensive fire-brigade community network1 and the EV FireSafe 
Australian initiative2. 

In addition to available data, Ineris and Sandia used historical experimental results based on tests on 
LIBs carried out at their respective organizations. Both organizations are equipped for gas and particle 
emission measurements and have collected data that can be used to qualify and potentially reduce the 
environmental impact of LIB fires. Data from IEC TC 120 on past accidents was also used as a 
reference, especially regarding failure modes and information on thermal runaway spread in BESS, as 
this strongly affects the environmental impact of fires.  

A list of pollutants was developed to consider when dealing with BESS fires' environmental impact. Each 
pollutant's origin was identified, whether from the casing, separator, electrolyte, or other compounds, 
based on previous work done by Ineris on parts of these batteries. The pollutant is a fundamental issue 
when highlighting the differences between various Li-ion chemistries and considering the influence of 
the state of charge (SOC), or failure mode, on potential emissions. 

 

 
 
1 Prof from University of Newcastle-on-Tyne (UK) 
2 https://www.evfiresafe.com 
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2 Literature review 
This chapter presents the state of the art regarding LIBs, particularly applied to BESS. It begins with a 
description of a BESS system and a brief overview of the environmental impact concept. Next, it 
examines major LIB fires and the available knowledge from scientific literature.  

 

2.1 Description of BESS 
By nature, electricity cannot be stored directly as “electrons”; therefore, a physically storable form of 
energy capable of delivering electricity through some reversible conversion auxiliary system is needed. 
Hence, an (Electrical) Energy Storage System [(E)ESS] is one or more devices assembled, capable of 
storing “physical” energy, usually in some mechanical, gravitational, thermal, or electrochemical form, 
to supply electrical energy at a future time. For instance, this can be used for grid-connected systems 
to balance electrical energy supply and grid user demand, or for peak shaving purposes. BESS provides 
energy storage through an assembly of electrochemical cells (the physical energy storage subsystem) 
that can deliver the required operating voltage and current levels. A detailed description of each system 
is given in the Sandia Report. (1) 

Before describing the system, it is important to note that NFPA 855, Standard for the Installation of 
Stationary Energy Storage Systems, provides guidance for the installation of energy storage systems, 
including battery energy storage systems. (2) While NFPA 855 does not require listing to UL 9540 (3), 
it requires a hazard mitigation analysis if the BESS is not listed to UL 9540.  

Ultimately, regulation of energy storage systems in the United States will fall upon the local authority 
having jurisdiction (LAHJ), which may adopt model codes and standards in their entirety, in part, or 
alongside their own code of regulation. NYSERDA (New York State Energy Research and Development 
Authority) has, for instance, put in place a model law and permit process for the installation of stationary 
energy storage systems. They have also chosen in NY state to develop a specific fire code for BESS3. 
This model law requires reviews under the relevant jurisdiction’s environmental quality and review laws 
but does not specify specific environmental requirements or mitigations. Regardless of how the LAHJ 
regulates BESS, an energy storage system fire is not a normal event, so environmental emissions from 
such fires are generally not covered.  

 

2.1.1 Lithium-ion elementary cell composition and preliminary risk identification 
Lithium-ion cells commonly have the following components: 

o Anode: 
 Graphite 
 Conductive carbon 
 Binder materials – typical binders include PFAS (polyfluoroalkyl substances) 
 Copper current collector 

o Cathode: 
 Layered mixtures of metal oxides such as NMC (nickel manganese cobalt), 

NCA (nickel cobalt aluminum) or phosphate-based systems [LFP (Lithium Fer 
Phosphate)] – decomposition can result in metal oxide particulates 

 Binder materials – can include PFAS 
 Aluminum current collector 

o Electrolyte: 
 Non-aqueous liquid electrolyte, typically combining organic carbonate-based 

solvents and a lithium salt – decomposition can produce hydrogen, 
hydrocarbons, and unreacted solvents 

 Salt – LiPF6 salt can react with other components to produce HF (hydrogen 
fluoride) 

 
 
3 https://www.nyserda.ny.gov/About/Newsroom/2024-Announcements/2024-07-26-Governor-Hochul-
Announces-Draft-Fire-Code-Language-That-Addresses-Recommendations 
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Figure 1: Overview of components used in a Li-ion NMC battery module, adapted from (5). 

A similar analysis was published by Carvalho (6), comparing NMC and LFP chemistries as shown in 
Figure 2. It is important to note that LFP is more commonly used in BESS [in 2021, LFP was used in 50 
percent of BESS, NCA was used in 20 percent, and NMC811 was used in 7 percent (7)]. LFP’s 
predominance in BESS is even reinforced by political action, such as the LFP ban in medium to large 
ESS passed by China’s National Energy Administration (8). A more generic overview of the percentage 
of each component was published by Sommerville (9).This publication provides the mass proportion of 
each compound in large pouch cells typically used in electric vehicles, as shown in Figure 3. 

 
Figure 2: Battery pack and cell mass composition, reproduced from (6). 

 

 
Figure 3: Component percentage of large pouch cells used in electric vehicles (6). 
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Another compound rarely detailed in such analysis is the fluids used in active battery cooling. These are 
generally water-based, but some additives can be used (for example, ethylene glycol). Getting 
information on these additives remains a challenge.  

In addition, new cooling systems are in development, and possible new technologies such as immersive 
cooling could be integrated within BESS and introduce new hazardous compounds. So far, such 
dialectic fluids as hydrocarbon oils, silicone oils, and fluorinated hydrocarbons have been considered 
(as indicated in a research dedicated review paper) (10). 

Moreover, mitigation materials integrated within BESS could contribute to the overall fire toxicity issue, 
such as FK-5-1-12, with the following chemical formula: C6F12O (11).  

2.1.3 BESS fire emissions 
As highlighted by recent feedback, fire risk cannot be neglected with LIBs. This concern applies to all 
types of installations, from the smallest battery to the largest BESS (there have already been more than 
50 fire events involving BESS). The EPRI database4, provides a good overview of these events. In the 
event of thermal runaway, systems containing LIBs are known to produce emissions which may be liquid 
(electrolyte), gaseous, or particulate. These emissions can then interact with the environment and lead 
to pollution.  

Figure 4, reproduced from a publication by W. Mrozik et al. (12), illustrates the various ways these 
emissions can pollute the environment. One mode is the sedimentation of the smoke plume, often 
diluted, at some distance from the incident. Another possible pollution pathway is linked to the 
extinguishing agents used, typically water, which can carry with them the emissions emanating from the 
damaged battery. Before embarking on the characterization of environmental impact, we need to 
understand what compounds are likely to contaminate it. 

 

 
Figure 4: Emission pathways from fires (adapted from ISO, 2011; Stec et al., 2019) (12). 

 

Emissions obviously depend on the materials making up the system. As illustrated in the previous 
section, these materials vary from one Li-ion battery chemistry/geometry to another, and from one 
system to another. However, the phenomena involved and expected effects remain broadly similar.  

For the purposes of emissions analysis, the percentages shown should be weighted according to the 
physical state of the materials, which may influence related emission factors. The particle size of burnt 
material was already proven to impact the combustion mechanism (13), and the particle size distribution 
has been found to affect the reaction front speed of metal mixing with the air (14). In the case of a battery 
— for example, a nickel battery — a constituent of the cathode's active material in the NMC chemistry 
and differences in terms of combustion and emission factor are expected. As nickel is present in powder 
form (chemically in more or less lithium oxide form) and steel is present in a bulk form, it is expected 
that nickel will be more easily dispersed than steel.  

 
 
4 https://storagewiki.epri.com/index.php/BESS Failure Event Database 
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environmental impact of a fire should be identified. The effect of each pollutant is also detailed in ISO 
26367-2 (19). A critical issue is typically the environmental phase that the compounds will affect 
according to their specific dispersion mode and specific potential toxicity. 

 

 
Table 2: List of pollutants to be considered and associated environmental phase, reproduced from 

(18). 

To deal with the environmental impact of a BESS fire, the first question should concern the potential 
presence of specific compounds in the emissions and, if they could be present, the associated emission 
factors in both smoke and water. It should also be mentioned that some country-specific guidelines may 
exist, either for evaluating the environmental impact, such as in France (20), or for the steps to follow 
after the fire for cleaning operations, as in the US (21, 22). In both cases, those documents deal with all 
types of fires and can be applied to BESS fires, as well.  

 

2.3 Toxic compound emission pathways 
Because environmental contamination depends on a fire’s characteristics, defining the fire scenario is 
the first crucial issue when discussing the environmental impact of a fire. One can meet such an 
objective using a generic risk analysis or by utilizing a fire database. Because numerous BESS fires 
have occurred during the last decade, it seems more representative to use lessons from those fires to 
build the emission pathways. To meet this objective, the data obtained in real fire cases should be 
analyzed while considering the limitations of the sampling and characterization methods used. Also, a 
fire database analysis should be done while keeping in mind the potential failure modes (root cause, 
battery chemistry, battery SOC, battery configuration, etc.), which are also described in (23).  

Another important parameter when dealing with the environmental impact of fire is the firefighters’ 
strategy for such fires. While water remains one of the most efficient solutions for Li-ion battery fires, the 
water application strategies may differ. While for small to medium size systems, submerging the battery 
into a large quantity of water appears to be an efficient solution (24–26), this is not possible with BESS. 
In such large systems, two methods of application during an emergency are considered: 

− Application by the automatic suppression system when such a system is installed 
− Application by firefighters 

With these different application methods, the potential contamination of water will vary.  

This water application strategy will be more explicitly detailed in the following section related to the 
description of relevant fires to establish a link with the existing water contamination analysis that can be 
done in a laboratory.  
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Although the actual health impact due to toxic/pollutant emissions is beyond the scope of this study, it 
may be useful to note that overall toxicity rating in practice remains a complex issue, despite decades 
of dedicated research on the matter. It differs depending on the effects considered, the exposure time, 
and even the method used (explaining gaps from one country to another). For illustration, Table 3. 
provides various toxicity indicators for the inhalation oral exposure route. The values presented in the 
table correspond to short-term exposure — about 10 minutes — to represent a typical exposure time 
during an evacuation process. While AEGL n°1 corresponds to the concentration at which the general 
population will suffer from reversible discomfort or irritation after exposure, the AEGL n°2 threshold 
represents the occurrence of irreversible and severe effects that can last over a long period of time. The 
AEGL n°3 threshold also indicates the value at which death can be induced after exposure.  

 
Chemical Approximate odor 

threshold [ppm] 
AEGL 1 10 min/30 
min [ppm] 

AEGL 2 10 min/30 
min [ppm] 

AEGL 3 10 min/30 
min [ppm] 

Carbon monoxide — —/— 420/150 1700/600 

Hydrogen chloride < 5 1.8/1.8 100/43  620/210 

Hydrogen fluoride  < 5 1.0/1.0 95/34 170/62 

Nitrogen dioxide 0.5 0.5/0.5 20/15 34/25 

     

Table 3: Various toxicity indicators for oral route contamination, ref EPA/AEGL. 

Table 3 illustrates that the critical threshold value may vary significantly based on the chemical and 
exposure time, so care must be taken when considering emissions both in terms of toxic species 
identification and related emission factors. 

2.3.1 Analysis of most relevant fires 
2.3.1.1 General context 
Many fires involving LIBs have occurred in the last decade. Because they are used in so many 
installations (e.g., mobility, stationary, and portable device applications), many have occurred in BESS. 
The objective of this section is not to give a detailed description of each event but to provide the most 
relevant accident parameters in the context of the present report, i.e., the potential environmental 
consequences of such a fire. This shortlist considers fires in the United States, but also in the UK, 
France, Australia, and Korea, where more than 30 fires involving BESS have occurred in less than a 
decade (some 40 percent of the total recorded BESS failure events to our knowledge). These short 
descriptions of relevant fire events mainly aim to describe the potential environmental impact with a 
focus, when available, on the emission pathway, both in the atmosphere and through fire water run-off 
resulting from firefighting operations.  

It should also be noted that some databases have been created to provide an updated listing of fires 
involving batteries, such as Electrical Power Research Institute's (EPRI) BESS Failure Incident 
Database in the U.S.: https://storagewiki.epri.com/index.php/BESS Failure Event Database. Statistics 
confirm that the failure rate in BESS has significantly decreased nowadays (in terms of the number if 
gigawatts installed) compared to early events that occurred at the beginning of BESS development. 
However, as more and more BESS are installed, fires in BESS remain a reality, as confirmed by the 
number of fire events in 2021, 2022, and 2023 (Figure 6) (27). 
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Figure 6: Some statistics drawn from the EPRI Failure Incident Database (extracted from the EPRI 

database website, as accessed June 2024) (27). 

While the failure rate normalized to deployed gigawatts (GW) has reduced over time (usually due to 
system maturity and improvement) (Figure 6), it should be noted that the absolute number of incidents 
has increased due to the increased deployment of BESS. 

During incidents involving Li-ion batteries, effluent analyses are sometimes (though rarely) mentioned, 
but neither the sampling conditions (method, location, duration after the incident, etc.) nor the results 
are reported. Among the events presented below, no significant environmental pollution is mentioned, 
except in the case of the Portland incident, for which legal action is underway.  

An important aspect when analyzing after an event is the limitation of post-accidental analysis. It is 
generally very difficult because data sampling is not systematic when a fire occurs and sampling can be 
polluted by other sources, even considering that analysis requires a comparison to a zone that has not 
been exposed to smoke from the fire. It is clear that, when a fire occurs, defining zones where deposit 
might occur and the species to be measured is very challenging. Moreover, once this first challenge is 
overcome, post-accidental sampling remains imperfect as it depends on the sampling method used, 
sampling location, and analysis method used. For the fires described in the following paragraphs, the 
available measures are discussed. 

 

2.3.1.2 Examples of fires involving LIBs 
Hereafter is a list of some fires that occurred in the last decade involving LIBs. This list is focused on 
BESS but not limited to them, as some other fires are relevant for the present analysis (for instance, 
pointing out water contamination, post-thermal runaway (TR) emissions, large plume formation, and so 
on). 

- Saint-Quentin-Fallavier, France, 2012: A fire started in a vehicle battery recycling facility. The 
firefighters pumped out the extinguishing effluent, but rainwater run-off reached the nearby 
canal. Samples taken by the Regional Directorate for the Environment, Development, and 
Housing (DREAL) showed no heavy metal pollution in the river, possibly due to heavy rainfall 
that diluted the chemicals. 

- Surprise, AZ, USA, 2019: A utility-scale battery storage facility (with a container configuration) 
experienced a thermal runaway event that led to an explosion, injuring four firefighters. The 
incident raised awareness about the hazards of LIB storage, including the risk of post TR-driven 
flammable and toxic gas emissions and the need for emergency responders to be trained 
specifically for battery fire incidents.  

- Liverpool, UK, 2020: This incident was monitored by a Hazardous Materials and Environmental 
Protection Officer. On arrival at the scene, around 3 hours after the incident started and 2 hours 
after water was used, the officer took pH measurements of the water, which had a pH of 8. An 
hour later, the measurements revealed a pH close to 7 (neutral). At the end of the intervention, 
the extinguishing water still had a neutral pH, but the stagnant water inside the container had a 
pH close to 14 (28). A potential presence of base alkali in the water was suspected. All the water 
was drained off without being retained. To explain the basic or neutral pH in the water evacuated 
by the drain, the report mentions it could be due to the presence of calcareous elements in the 
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drains or the high dilution of the extinguishing water. In the container, the basic water was 
explained as being due to the presence of metals such as Co, Ni, or Mn, though their presence 
wasn’t confirmed by the analysis. 

- Perles-et-Castelet, France, 2020: Excerpts from the Investigation Report on the fire in a battery 
storage container at an RTE transformer substation in Perles-et-Castelet (09): "In total, taking 
into account the extinguishing phase and the monitoring phase of the fire, which required 
intermittent spraying, BEA-RI estimates that around 180 m3 of water was needed to manage 
the fire (29). Some of this water vaporized during the extinguishing phase. The facts that the 
site is not fully waterproof, and the absence of a retention basin, make it difficult to estimate the 
volume of extinguishing water that may have seeped into the ground." 
"The accident at Perles-et-Castelet showed that the container alone could not retain the fire 
water (too much water, damage to the floor during the fire). It is therefore necessary to provide 
for physical or organizational measures to avoid impacts linked to extinguishing water, 
especially when environmental issues are identified in the plant's environment (surface water, 
sensitive groundwater, catchment and protection perimeter, etc.)." 

- Geelong, Australia, 2021: In this incident, it was decided not to attack the burning container 
directly, but to spray the surrounding area to prevent propagation to adjacent systems. The 
water used to protect the adjacent containers, which was therefore unlikely to be affected by 
combustion products, was collected by Tesla and analyzed by a third-party laboratory. The 
laboratory found that under the intervention conditions decided by the responders, "the 
probability of the fire having had an impact on the water is minimal." As a precaution, however, 
the 900 m3 of water used was pumped out and reprocessed. The fire plume is visible in Figure 
7. 

 
Figure 7: The starting fire plume at the Geelong BESS module (taken from web source: 

https://www.abc.net.au/news/2021-09-28/fire-at-tesla-giant-battery-project-near-geelong-
investigation/100496688, accessed June 2024). 

 

- Morris, IL, USA, 2021: During this major incident, which lead to the burning of 184,000 pounds 
of stored lithium batteries (30), the Environmental Protection Agency (EPA) monitored air quality 
in real-time by analyzing the surrounding air (via VOC, O2, H2S, CO, explosimeter, HF, and 
particulate matter measurements) and other potential environmental hazards resulting from the 
fire. The EPA also did soil and water sampling to determine whether contaminants from the fire 
impacted surrounding communities or water sources (such as the nearby Illinois River). Unlike 
the air analysis data, the results of the water analyses are not known, but the EPA is taking 
legal action, particularly regarding the "release of pollutants into the air and water." 

- Colomiers, France, 2021: A large fire occurred in a warehouse that stored LIB batteries for 
bikes. During this incident, Eau de Toulouse carried out an initial visual inspection and took 
samples to measure any pollution in the natural environment. Few details are available, except 
that the samples did not suggest any pollution. 

- Moss Landing, CA, USA, 2021 and 2022: This facility experienced two separate events of 
overheating, the first in 2021 and the second in 2022 in the largest BESS fire at that time. In 
September 2021, multiple battery modules overheated. The overheating was detected by the 
facility safety system, activating several sprinklers targeting the overheating modules. This 
resulted in the facility being temporarily shut down until July 2022. In September 2022, the 
separate Elkhorn BESS, a single battery pack within the system, caught fire and was contained. 
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Local residents were briefly advised to shelter in place due to the risk of hazardous material 
release. The larger Moss Landing BESS was not affected in the latter incident.  

- Ulsan, Korea, 2022 (the 34th accident in Korea with this type of installation): This event 
involved a huge installation, a 51 MWh system with more than 2,000 batteries on three floors. 
According to the system's specific geometry, as shown in Figure 8, the firefighters' response 
was difficult.  

- Ubo-Myeon, Korea, 2022 (35th accident in Korea): Some days after the previous event, this 
fire happened on a relatively smaller installation — 1.5 MWh — but it remains interesting as this 
system was equipped with a detection and automatic extinguishing system meant to prevent 
thermal runaway propagation from one rack to another. The safety systems were activated 
during the fire but did not prevent the fire propagation. A noisy explosion was also noted during 
this accident, which was likely similar to that in the Surprise, Arizona, case. 

- Poggio, France, 2022: A BESS container caught fire in the small hamlet of Corsica. The 
firefighters chose the “let it burn” option based on the environmental conditions and to protect 
only the container by applying water. A water shield ensured some smoke abatement. This 
intervention led to limited polluted water spread, as only 600 m3 of water was sprayed, but it 
resulted in significant smoke emissions.  

- Aghione, France, 2023: A major incident was recorded at one of the two on-site containers of 
a photovoltaic power plant, also in Corsica. A fire started in a 4.2 MWh container. A succession 
of water projection and resting periods with IR camera monitoring was used for four days to 
suppress the fire and impede its propagation to the second container. In the end, a significant 
amount of water was used and potentially polluted (evaluated at between 10,000 m3 and 
15,000 m3), but most of the BESS was preserved.  

- Viviez, France, 2024: This event does not involve a BESS, but it is relevant to dealing with the 
environmental impact of fire as it induced a significant smoke plume (as shown in Figure 9) and 
involved about 900 tons of LIBs. Due to concern for the population, the firefighters conducted 
toxic measurements in the neighborhood during the fire [as can be seen on the Cartam website 
(31)]. Those located within 500 meters from the fire were confined for the whole day. This event 
highlights the importance of predicting the potential environmental consequences of a LIB fire. 

- Hwaseong, Korea, 2024: A major fire occurred in a Li-metal battery manufacturing plant (32). 
This large fire led to at least 22 deaths and produced a major plume that covered the neighboring 
industrial area. 

 

 

 
 

Figure 8: Picture from the Ulsan fire (Korea), which occurred on a 51 MWh BESS. 
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Figure 9: Picture of the fire plume during the battery fire in Viviez (France). 

- Moss Landing Vistra Power Plant Fire, CA, USA, 20255: A lithium-ion battery fire broke out 
at the Moss Landing Vistra Power Plant on Thursday, January 16, 2025. As of the date of writing 
this report, the cause of the fire remains unknown. The incident began on January 16th, when a 
blaze broke out in the 300 MW Phase 1 building of the facility, which houses lithium-ion batteries 
used for energy storage (BESS). The fire prompted the evacuation of approximately 1,500 
residents due to concerns over toxic smoke and potential health hazards. On January 22, 2025, 
Monterey County's Board of Supervisors unanimously approved a state of emergency.  
 
Vistra Energy, the plant's operator, initiated efforts to de-link damaged batteries to prevent future 
incidents. However, on February 18, the fire reignited at the Vistra Moss 300 structure. The 
flare-up was eventually contained to a previously burned structure from the initial January 16th 
incident. On February 19th, the flare-up began to burn down and was contained, though 
agencies have continued to monitor the site. Some wisps of smoke were still visible in the 
following days.  
 
Several investigations have been undertaken since mid-January by several agencies to assess 
the potential impact of the fire on the area. The investigations include the following: 
 
1. Soot model6: This model was formulated using real-time and predictive weather modeling for 
three 24-hour periods during which the fire was burning, along with information about the 
materials involved in the fire. The soot model was produced by the Interagency Modeling and 
Atmospheric Assessment Center (IMAAC). These models were designed to be conservative 
and provide the highest level of public health protection, assuming that all the batteries burned. 
The model indicates a general impact area extending approximately 0.6 to 1.2 miles from the 
fire site, with winds toward the east and north. 
 
2. Air investigations: During the period from January 16 to January 21, 2025, the Monterey Bay 
Air Resources District (MBARD) initiated air quality monitoring for particulate matter following 
the Moss Landing fire. Additionally, the U.S. Environmental Protection Agency (EPA)7 
conducted its own air quality assessments. Air monitoring efforts focused on monitoring 

 
 
5 2025 Moss Landing Vistra Power Plant Fire | County of Monterey, CA 
6 Soot (Particulate Matter) Air Monitoring Model | County of Monterey, CA 
7 EPA Completes Air Monitoring Near Moss Landing Vistra Battery Fire | US EPA 
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hydrogen fluoride (HF) 2.5 and 10 μm particulate matter (PM2.5 and PM10) from nine 
measurement stations. Two stations were installed on-site, and four were set up just outside 
the site, including one in Moss Landing. Additionally, three stations were positioned in 
communities located to the east of the fire, to the south near Castroville, and to the north near 
Moss Landing Middle School.  
 
The monitoring stations were positioned to account for variations in wind direction and potential 
drift toward neighboring communities. The findings indicated that hazardous compounds 
monitored at the onset of the incident were not detected above health action levels. 
Furthermore, particulate matter levels remained within good to moderate thresholds on the Air 
Quality Index (AQI), suggesting that air quality was largely acceptable during this time. 
 
The Center for Toxicology and Environmental Health (CTEH) conducted community air 
monitoring (real-time air monitoring using handheld monitoring equipment) in the area 
surrounding the fire (including two elementary schools and one high school). Air monitoring was 
performed using direct-reading instruments to assess potential community exposure to 
hydrogen fluoride (HF), hydrogen chloride (HCl), carbon monoxide (CO), hydrogen cyanide 
(HCN), and particulate matter (PM2.5). During this monitoring period (from January 17 to 22), 
no detections occurred, except for PM2.5. The AQI for PM2.5 monitoring during the reporting 
period was in the “good” range based on the average particulate concentration. 
 
3. Soil and water investigations: on January 24, 2025, the Department of Toxic Substances 
Control (DTSC) collected samples of soil/sand and surface water from multiple locations near 
the battery facility (surface soil was taken from eight locations, surface sand from one location, 
and surface water from nine locations). Metals and polycyclic aromatic hydrocarbons (PAHs) 
were analyzed as fire-related chemicals. The Office of Environmental Health Hazard 
Assessment (OEHHA) evaluated the results and compared them to human health screening 
criteria.  
 
Preliminary results of soil testing showed that metal and PAHs concentrations in six of the eight 
samples were below residential soil screening levels. Site 8 (the closest to the facility) had cobalt 
levels exceeding both the residential soil screening level and regional background levels, but 
PAHs remained within safe limits. Site 5 (located to the southeast, approximately 3.5 miles from 
the facility) had PAH concentrations exceeding residential screening levels. This latter location 
will be further investigated to better understand the high levels of PAHs. 
 
Research scientists at San José State University's Moss Landing Marine Laboratories (MLML)8 
also detected unusually high concentrations of heavy-metal nanoparticles in marsh soils at 
Elkhorn Slough Reserve following the fire. 
 
4. Surface wipe sampling9: On January 24, 2025, a community organization conducted an 
environmental sampling to assess heavy metal contamination on surfaces potentially resulting 
from smoke plume emission fallout from the fire. A total of 124 surface wipe samples were 
collected from areas within and around the greater Monterey Bay area including locations near 
the facility (the source of the fire plume), as well as within areas as far as 30+ miles out. The 
sampling utilized prescribed sampling collection media and standardized wipe collection 
methods. The samples were analyzed to identify the presence and evaluate the extent of 
potential “marker” contamination known to be associated with lithium battery fire emissions 
including the heavy metals lithium (Li), nickel (Ni), manganese (Mn), and cobalt (Co). The 
samples were collected from identified outdoor (non-metallic) surfaces believed to be exposed 
to potential fallout from the smoke plume.  
 
The analytical results (µg/100cm²) indicated elevated contamination levels on certain surfaces 
within approximately 15 miles of the fire site for all four target metals in the collected dust 

 
 
8 https://elkhornslough.org/moss-landing-battery-fire/ 
9 Community Organization Conducts Surface Sampling for Heavy Metals Following Moss Landing 
Fire: Indybay 



 
 

Page 26 of 62 
 

deposits. The highest surface concentrations of the four targeted metals were found in samples 
collected to the east of the facility, as well as in Watsonville. 
 
At this stage, no comparison to any local reference or baseline values has been mentioned and 
no results were correlated with the evolution of the fires and smoke plumes, considering their 
directions and intensities, to better understand the geographic extent of the fire's impact and the 
associated dynamics. Only a qualitative assessment between areas can be conducted.  
 
However, to accurately assess the health and environmental impacts of the fire, it is crucial to 
conduct comprehensive analyses across multiple exposure matrices, including air, soil, water, 
and food products. These assessments should focus on key pollutants, such as PAHs, 
PCDD/Fs, VOCs, PCBs, metals, and others, while also considering their respective 
environmental phases. 
 
Since February 22, 2025, a multiagency public health assessment team has been mobilized to 
conduct a comprehensive evaluation of potential public health risks and environmental hazards 
associated with the site. Indeed, preliminary results from the assessment underscored the 
necessity for continued environmental monitoring, particularly in areas exhibiting elevated levels 
of contaminants. 

 

2.3.1.3 Fire cause analysis  
BESS, like any other types of Li-ion (23), can suffer from thermal runaway, which can lead to a fire. 
Several root causes have been identified and can be classified into four main categories: 

- Electrical abuse 
- Thermal abuse 
- Mechanical abuse 
- Internal defect 

Depending on the root cause, the resulting thermal runaway behavior can be modified as demonstrated 
by Wei et al. (33). At the BESS level, a large variety of solutions/processes can reduce the occurrence 
of such abuse; for instance: 

- A battery management system (BMS) that can limit electrical abuse  
- A cooling system that can reduce potential overheating 
- Maintenance procedures that can limit potential mechanical abuse or formation of electric arc 

by tools that are dropped 

However, even though such protections have been proposed, the risks of BESS misconception (e.g., 
underestimation of the cooling system required, insufficient current segmentation systems, 
accumulation of moisture, inefficient cell balancing, improper definition of the sensor location compared 
to battery size, misleading alert flag definition, and so on) cannot be ignored. Also, an internal defect 
(e.g., insertion of metallic particles during the fabrication process or dendrite that can build up during the 
life of the battery) can still affect thermal runaway, as detecting such defects is quite challenging. 

When it comes to evaluating the major causes leading to BESS fires, EPRI white papers can provide 
some insights. According to EPRI’s research, the root causes of BESS fires can be attributed mostly to 
integration, assembly, and construction issues (accounting for 36 percent of the cases studied), while 
the second most common root cause is operation (29 percent). The rest is attributed to BESS design 
(21 percent) and manufacturing (14 percent) (27). 

In addition, an analysis recently published by Clean Energy Associates (CEA) (34) shows that the 
integration of lithium-ion cells in BESS may lead to significant quality issues. Based on the inspection 
conducted by CEA, it appears that more than 25 percent of existing BESS system suffer from quality 
issues related to automatic detection and firefighting systems. This analysis aligns with observations 
from past BESS fire events, which have frequently reported malfunctions in safety systems.  

Furthermore, the same inspection report reveals that nearly 1 in 5 containers suffer from quality issues 
in their thermal management systems. This is particularly concerning given the crucial role of thermal 
management in preventing thermal runaway events, which can lead to catastrophic failures and fires.  
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The remains of a BESS must also be collected and disposed of as hazardous waste. A large BESS 
might represent significant solid waste generation, and any comprehensive analysis of this waste has 
not generally been reported. Typical battery components provide some insight into potential battery 
residues, including metal oxide particulates and various metals.  

Water used to extinguish fires may mitigate the release of pollutants into the air, but the water itself may 
become contaminated with pollutants from the battery, turning it into a potential carrier of pollutants. 
Bordes et al. (39) demonstrated that run-off water is susceptible to carrying metals mixed with 
carbonaceous contaminants, as expected based on the compound analysis. These emissions can 
potentially be released as particles in the nano-size range or as nanostructured metals. Quant et al. (40) 
noted that a significant amount of PFAS compounds were present when the interior of a battery was 
flooded with water to extinguish a fire. The presence of PFAS compounds, which are known for their 
persistence and potential health risks, highlights the need for careful consideration of firefighting 
methods and the subsequent handling of contaminated water. 

Furthermore, the environmental impact of these pollutants extends beyond immediate contamination. 
Nano-sized particles and nanostructured metals can have long-term ecological effects, potentially 
entering water bodies and soil, thereby affecting aquatic life and plant growth. The persistence of PFAS 
compounds in the environment further complicates remediation efforts, as these substances are 
resistant to natural degradation processes. Comprehensive waste analysis and the development of 
effective disposal and remediation strategies are essential to mitigating the environmental impact. 
Additionally, the adoption of best practices for firefighting and post-incident management can help 
minimize the release and spread of hazardous pollutants. Defining a generic strategy is a utopic task 
because contamination depends on many parameters, such as the presence or absence of a water 
basin, the local natural surface or ground water distribution, the urbanization surrounding the installation, 
etc. However, it should be kept in mind that, in some situations, letting the BESS burn could limit the 
environmental consequences. 

 

2.3.3 Selection of relevant fire scenarios 
When analyzing fire scenarios, the factors affecting the scenarios must be considered. For instance, the 
heat release rate (HRR) highlights the energy released by a combustion. Different types of combustion 
ranging from smoking to strong flaming combustion can be observed depending on the scenario and 
can also impact the fire development. In addition, the location of a fire source, as well as topography 
and environmental conditions such as wind speed can influence a fire scenario.  

To select the relevant scenarios for this study, emission pathways observed during the events were 
considered. Indeed, to draw a link between past fire events and the potential environmental impact, as 
mentioned in the environmental impact definition, the emission pathways must be categorized. This 
work was done in the past for other fuels (41) and, thus, is not presented here. The analysis in the 
present report is focused only on LIB fires and their behavior (explosion or not, significant propagation, 
high HRR, etc.).  

In some cases, the BESS fire records describe a medium peak heat release rate compared to what was 
expected. Also, in many cases, the fire was limited to one container (when such a modular configuration 
was used). There are, however, some examples of propagation: 

- A fire in Australia propagated to the second container through the roof 
- In a case in Beijing, the propagation of gases through cable tunnels led to an explosive 

atmosphere formation in another location 

Furthermore, with the Liverpool fire in 2020, the fire was quite significant. The dynamics of that fire were 
probably affected by the propagation of the flame and a door being opened, which can lead to a blast 
event. In addition, the fire that occurred in Hwaseong, Korea, in 2024 in a manufacturing facility is 
another example of how LIBs can lead to very large fires. 

Having a limited heat release rate seems to have a positive effect in terms of thermal spread. However, 
the consequences for the environment are not so obvious. A limited heat release rate can lead to limited 
smoke dilution in the atmosphere and, potentially, high deposit concentrations in the vicinity. 
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Regarding firefighting strategy, most of the events involved using large amounts of water to prevent fire 
propagation. To prevent cell-to-cell or module-to-module thermal runaway, the fire response at such 
events have lasted several hours or even days. This means that thousands of cubic meters of potentially 
polluted water was released, first by the fire effluents and then by the solid waste remaining after the 
fire.  

These pollutants carried by water could impact the environment via the groundwater or, depending on 
their size and composition, the pollutants could be trapped in the soil, reducing the impact on 
downstream pollution but increasing soil pollution (which can also result in reactive geochemistry). 
Understanding the fate of these contaminated particles requires deeper understanding. 

It must also be considered that, sometimes, the objective of BESS is to provide electricity in different 
locations that don’t have ample infrastructure or commodities, such as a water supply. In such a 
scenario, there is sometimes no water run-off basin, so any water used spreads directly to the 
surrounding environment. 

Finally, a key criterion that governs environmental contamination in the case of fire is the thermal 
runaway propagation kinetic and the resulting number of cells involved during an event. Most of the 
available data regarding emissions from lithium-ion batteries comes from small scale tests that used a 
small number of cells. It is clear that comparing the results of those small-scale tests to large-scale fires 
must be considered carefully. A key criterion for large-scale fire analysis is the number of cells involved 
in a fire, data that is rarely available post-accident. 

2.4 Scientific literature about emission factors 

2.4.1 Scientific publication dynamics analysis 
While scientific literature focusing on Li-ion batteries is abundant, the number of studies focused on “Li-
ion battery” and “safety” is quite significant, as 4,677 papers have been released on the topic since 1993 
according to a Web of Science database analysis (as performed 5/14/24). This immense collection of 
scientific literature highlights the concerns related to safety hazards introduced by LIBs. However, it is 
worth pointing out that this safety topic only started to draw significant attention from the scientific 
community around 2010, with only a few papers released from 1993 to 2010.  

In the safety field, there has been less of a focus on emissions analysis. Compared to the scientific 
literature, since 2008, only 230 papers have been released by safety officials using the keywords “Li-
ion battery” and “gas emission” and 18 with “Li-ion battery” and “emission hazard.” 

The lack of extensive data on emission factors could impede a deeper understanding of the underlying 
risks. The following section focuses on several interesting publications that highlight the characteristics 
of Li-ion emissions. These characteristics have been broadened with Sandia and Ineris know-how based 
on their internal experimental characterization campaigns. 

It is also important to note that, while it has become a critical topic, PFAS emissions were not, up to 
now, considered when measuring emission factors.  

2.4.2 State of the art 
To understand the emission factors induced by LIB thermal runaway, these emissions should first be 
defined. As a baseline, they can be divided into three main categories, each with a different potential 
impact on environmental targets:  

• Gas emissions 
• Aerosol emissions with particles ranging from µm to nm scale, combined with liquid droplets 
• Solid particle releases with sizes from mm to above 

All these emissions are released into the air and can deposit on soil, leading to pollution. Additionally, 
they can be transferred to water from extinguishing systems or the surrounding environment. The 
resulting contaminated water can also pollute soil, groundwater, and rivers as it spreads. Consequently, 
analyzing scientific papers on water and soil pollution might also provide insights into the characteristics 
of these emissions. 

An important aspect to keep in mind here is that most of the data were obtained at a small-scale, making 
the real fire analysis difficult. When available, some data coming from intermediate-scale tests have 
been included in the state-of-the-art description to highlight scale impact. Indeed, as seen in Figure 12, 
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the results as gas composition evolves with time highlight the impact of upscale on results (emission 
composition change with propagation of module failure).  

 
Figure 12: Particle and gas analysis obtained after module short-circuit test (5). 

2.4.2.1 Gaseous emissions 
Extensive analysis of gas emissions is available in scientific literature. A study by Nedjalkov et al. 
performed on NMC pouch cells triggered by nail penetration highlighted the presence of carbonates 
resulting from liquid electrolyte vaporization (EMC, EC, DMC), as well as carbon dioxide and carbon 
monoxide. Other components such as acrolein, benzene, toluene, styrene, biphenyl, and hydrogen 
fluoride (HF) were also detected, and their associated risks were identified as shown in Table 4 (42). A 
specific consideration for this table is the absence of other sulfur compounds, mainly SO2, which is 
sometimes detected in decomposition products. It is important to note that such products are quite 
challenging to measure. 
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Figure 13: Influence of the SOC on the total gaseous emissions for LIBs, ◊ LFP, ○ 

NMC/NCA/LMO/LCO ■ values produced by Willstrand et al. (48). 

HF production was also compared for NMC, LMO, and LFP cells triggered in inert atmosphere 
(combustion was limited, so the results reflected vented gas emissions before any further oxidation from 
outside air supply occurred) by Sturk et al. (49). Significantly larger gaseous emissions were observed 
with NMC and LMO (approximately 180 L/kg) compared to LFP (vs. 42 L/kg), while the same total 
amount of HF was detected with LFP. The study found that, in proportion, LFP tends to produce more 
HF than other chemistries, which highlights the gaseous composition of the cell’s chemistry (49). 

In addition, even for a given chemistry, the gas composition might change with respect to the venting 
phase or depending on the type of thermal runaway behavior. For instance, Goupil et al. found vaporized 
electrolyte (DMC) emissions with some CO2 emissions during the first step of venting NCA commercial 
cells. Meanwhile, the combustion phase led to mostly CO2 emissions combined with H2O, DMC, and H2 
at a lower ratio (37). 

Based on the most relevant publications, large discrepancies exist when comparing a cell’s gaseous 
emissions depending on the chemistry, conditions, and methods used, as shown by Rappsilber et al. 
(50). While the gas analysis for battery emissions primarily concerns common gases related to 
combustion, such as CO2, CO, carbonates, and H2, it must also consider the specific gases directly 
linked to key components of the battery field (electrolyte vapor, for instance). For example, HF has 
emerged as a common emission that must be considered.  

This trend is emphasized by the RIVM report (51), which focuses on firefighter exposure risks. The 
report highlighted the risk of HF damaging skin while also underlining the hazard’s limitations, as HF is 
most likely to be deposited quickly near the location of smoke emissions (51). Overall, most battery fire 
emissions are made up of CO2, CO, H2, vaporized electrolyte, hydrocarbons, HF, and some traces of 
other toxic and/or flammable gases (SO2, POF3, HCN, NH3, etc.). It is worth pointing out that POF3 
toxicity is assumed to be comparable to HF, though little data is available. Therefore, more attention 
should be paid to POF3 release (the few data sources that are available mention just that the compound 
was present).  

While the presence of these gases is well documented, the toxicity of the final gaseous cloud can vary 
and depends on the combustion taking place (mostly outgassing, for instance, with LFP vs. flaming 
combustion for NMC). A relevant example is the study of Bugryniec et al., which focused on CO and HF 
release by NMC vs. LFP Li-ion cells. According to the study, considering the same capacity (10 Wh), an 
LFP battery leads to higher toxicity (considering the surrounding polluted volume) than an NMC battery. 
Also, with the reduction of the SOC, which promotes outgassing behavior, a higher toxicity is attributed 
at 0 percent SOC for LFP compared to NMC (due to both higher CO and HF emissions) (52).  
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Also, it should be noted that, among all those publications, only gases that could induce an acute toxicity 
threat or risk of explosion were considered. Products such as PAH and VOC were generally not 
considered. PAH and VOC were usually involved in the analysis only when dealing with water pollution, 
as will be discussed below. 

 

2.4.2.2 Aerosol emissions 
While many studies have been published regarding gaseous emissions, aerosol emissions from Li-ion 
batteries have not been that extensively examined. Some publications still provide insights, such as 
Barone et al. (35), which compares aerosol composition with respect to electrode composition (NMC, 
LFP, and LTO). Abundant aerosol was produced by NMC commercial 18650 cells, with various particle 
sizes (0.03–0.1 µm nanoparticles, 0.1–3 µm microspheres, and 5–10 µm fragments). The NMC 
microsphere aerosol contained nickel, aluminum, and a mixture of carbon, fluorine, and oxygen, as well 
as fragments made up of transition metals, nickel, manganese, and cobalt. A more homogenous aerosol 
resulted from LFP cells 26650 subjected to thermal abuse, with cenospheres ranging from 0.6–5 µm 
and containing carbon, silicon, and fluorine. Aerosols produced by LTO cells included a mix of the NMC 
and LFP emissions, as 0.1–4 µm cenospheres were noticed as well as particles containing cobalt and 
titanium. In the end, no matter the chemistry, aerosols in the respirable size range were released by the 
NMC and LTO cells, which poses a health risk due to the presence of cobalt and other transition metals 
(35). Production of aerosol in the respirable range was also confirmed by an EPRI study that found high 
levels of PM2.5 (up to 1432 g/hr) after four NMC cells were exposed to thermal abuse in different heating 
conditions (53). 

The finding that more particles were produced with NMC cells compared to LFP cells is supported by 
Bergström et al., as the total suspended particle detected reached 1.4 g/m3 for LPF1, 5.37 g/m3 for LFP2, 
7 g/m3 for NMC1, and 5 g/m3 for NMC2. It is worth pointing out that the gap for LFP was significant in 
between trials compared to NMC. On average, 36.5 g/m3 were detected by ICP-MS for LFP while 
47.5 g/m3 were detected for NMC (54). 

Buston et al. focused on emitted smoke and deposited residues coming from LCO, NMC, and NCA 
commercial cylindrical cells under thermal runaway. All the metal species expected found in the samples 
based on cathode composition were found no matter which cell was considered; only a change of the 
ratio was detected with respect to sampling location (55). Moreover, Wang et al. described a change of 
composition ratio when classifying the particles based on their size (for NMC prismatic cells triggered in 
TR). They divided the particles collected after deposition (particle size ranging from 1 to 2000 µm) into 
five categories. When the particles were analyzed, Ni and Al appeared to be the two major metallic 
species, in addition to Cu, Co, Mn, and Li. Nonmetallic species were also found (C, O, F, Si, P, and S) 
with the majority being C, O, and F (56). Zhang et al. confirmed the presence of metallic and non-metallic 
species in particulate matter (aerosol particles up to fragments of several mm), with 40 percent of the 
matter being made up of nonmetallic components. The particulate matter (considered up to a size of 8 
mm) accounted for 11.20 percent of the cell’s mass and was mainly made up of matter below 0.85 mm 
(198 µm) (57). 

Smaller particulate emissions were also recorded by Goupil et al. for NCA 18650 cells. A bimodal 
distribution was recorded, as shown in Figure 14, with a peak below 50 nm and another around 125 nm 
(37). 
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Figure 14: Particle size distribution released by heated NCA 18650 (37). 

Premnath et al. (58) also detected solid particulate matter (PN) (5.6–560 nm) in a bimodal distribution 
during some tests on LFP modules regardless of the application of overcharge or nail penetration. For 
the total PN, however, no such bi-modal distribution was observed and a more pronounced quantity of 
PN was recorded for LFP modules triggered by a nail test compared to an overcharge case (58). This 
highlights that particle emission is also linked to the abuse method. The study also highlighted large 
particle production with PM2.5 emission higher than 375 g/h for NMC and LFP modules and a total PN 
emission of more than 2.1017 part/h (58). 

Despite the wide variety of solid particle sizes analyzed, comparing the results from literature is not that 
trivial. Some conclusions could yet be drawn: 

• Significant cell mass loss induces particle production (more than 10 percent), which produces 
large particles with large systems such as BESS 

• Extensive study of the composition of particles has yet to be completed. Only elemental analysis 
has been done and has led to the detection of: 

− Metallic components coming from the electrodes (Ni, Cu, Co, Mn, Al, and Li) 
− Nonmetallic species such as C, Si, F, P, and S 

• The risk of pollution to the environment and threat to human life cannot be ignored as: 
− Some aerosol particles are composed of toxic elements  
− Some aerosols can be inhaled due to their size 

 

Aerosols are not only composed of particles but also of liquid droplets. Bordes et al. highlighted the 
presence of undecomposed solvents within wastewater obtained while spraying a NMC thermal 
runaway module (39). While this contamination could be due to direct electrolyte leakage and vaporized 
electrolyte condensation, potential contamination by electrolyte droplets within the aerosol cannot be 
ignored. 

It should also be noted that the consequences of inhaling aerosols on human health remains unclear, 
additional research on this topic is needed. 

The majority of the research has focused on identifying the expected components that can be released 
from battery electrodes and electrolyte composition. Additional focus on gases that are usually analyzed 
via combustion has also been proposed, and a large range of devices and methods can be used for 
further research, as shown in Table 5. Unfortunately, most of the available scientific knowledge is based 
on small-scale testing, as aforementioned. 
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Direct extinguishing water application 
1.) LCPP study 

Selected extracts from the report: "Fire-fighting water is alkaline water loaded with anions, cations, 
metallic elements and organic compounds. [...] Lithium, cobalt, nickel, manganese and fluorides were 
found in significant concentrations. [...] If we compare the concentrations obtained in the extinguishing 
water with those of the limit values for discharge into the environment for wastewater (decree of 
February 2, 1998), we can see that for eight parameters, the measured values do not comply. In fact [in 
some cases], the pH measured [...] is too basic [11 for one of the tests, and] the concentrations of 
fluoride, nickel and manganese, iron, copper, zinc and aluminum are above the thresholds defined as a 
monthly average. In the case of manganese and nickel, the concentrations measured [in one test were] 
well above the thresholds, with ratios between the values ranging from 10 to 20. What's more, these 
already very high values are undoubtedly underestimated due to the large volumes of fire extinguishing 
water used for this vehicle (dilution phenomenon). 

“On the other hand, non-negligible levels were found for chlorides, barium, methanol, ethanol, cobalt 
and lithium. To date, we have no comparative values for these compounds in wastewater, enabling us 
to assess the impact of the concentrations found on the environment. Following a fire involving electric 
vehicles such as those tested during these trials, the extinguishing water likely to be discharged into the 
environment may have characteristics that enable it to be considered as a potential source of pollution. 
However, these sources remain point sources, and the measured values were compared with reference 
values given for emissions that [were] a function of discharge volumes and correspond to authorized 
monthly concentration averages. If recovery of fire-fighting water is feasible, then reprocessing by 
specialized companies would be the best solution. If this is not possible, it is important to rinse the area 
thoroughly with water to avoid any stagnation of polluted water, which could be potentially dangerous if 
ingested by living beings.” 

This report proposing several tests on the same sample highlights the importance of the incident 
scenario. In the event of a fire affecting a battery to a great extent, resulting in significant damage to its 
outer casing, the water appears to be much more polluted than when the battery is found virtually intact. 
This underlines the importance of early intervention. Similarly, when a fire develops at the system level, 
other pollutants not specific to batteries can be found (chloride, sulfate, sodium, calcium, strontium, and 
zinc ions, for example). 

The main limitation of this study is that the volumes of water used for extinguishing are not indicated, 
thus preventing comparison or the possibility of quantifying the amount of the pollutant or extrapolating 
the results according to the size of the incident. 

2.) Ineris Data 

A recent study was published by Ineris (39) about run-off water contamination in the case of a LIBs fire. 
Based on several fire tests with NMC batteries with a dedicated extinction system, this paper gives a 
detailed overview of run-off water pollution including metals, anions (F- and Cl-), and PAH and 
carbonates, as described in Table 7. A particle size analysis is also presented in this paper together 
with a transmission electronic microscopy analysis of those particles. An extrapolation to realistic field 
conditions concluded that some elements were present in concentrations higher than their respective 
PNEC (predicted non-effect concentration for the environment as defined by European directives), 
potentially affecting the nearby water ecosystem.  

 

PAH (Polycyclic Aromatic Hydrocarbons) 

  QL Reference 
Test 1 Test 2 Test 3 

(Module A) (Module A) (Module B) 
Naphtalene (ng/L)   10 <LQ 1279.2 2792.2 3114.6 
Acenaphtylene (ng/L)   40 <LQ 2421.7 2405.1 1193.4 
methyl-1.naphtalene (ng/L)   10 <LQ 26.8 459.4 667.1 
methyl-2.naphtalene (ng/L)   10 <LQ 203.2 <LQ 2058.4 
Acenaphtene (ng/L)   2 <LQ 34.1 110.6 275.7 
Fluorene (ng/L)   2 <LQ 74.1 752.3 1055 
Phenanthrene (ng/L)   4 5.7 360.9 3026.8 2581.6 
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Anthracene (ng/L)   2 <LQ 10.6 330.5 303.3 
Fluoranthene (ng/L)   2 10.8 57.7 1280.9 349.8 
Pyrene (ng/L) 2 7.2 45.1 1279.8 20.5 
methyl-2.fluoranthene (ng/L)   4 <LQ 7.3 45.1 21.3 
B(a)A (ng/L) 2 <LQ 24.8 185.7 131.8 
Chrysene (ng/L)   2 <LQ 32.5 212.3 40.8 
Retene (ng/L) 2 <LQ 104.9 170.7 19.8 
B(e)P (ng/L) 2 <LQ 7.5 306.3 50.4 
B(j)F (ng/L) 20 <LQ <LQ 106.3 <LQ 
B(b)F (ng/L) 2 <LQ 34.6 259.6 5.8 
B(k)F (ng/L) 2 <LQ 8.3 81 8.2 
B(a)P (ng/L) 2 <LQ 13 163.9 20.8 
D(a.h)A (ng/L) 2 <LQ <LQ 36.7 4.5 
benzo(ghi)P (ng/L)   2 <LQ 13.3 169.6 4.1 
Indèno (ng/L) 4 <LQ 35.2 162.1 11.8 
Coronene (ng/L)   2 <LQ 4 54 <LQ 

 

 

Species QL Reference 
Test 1 Test 2 Test 3 

(Module A) (Module A) (Module B) 
DMC 
(µg/mL) 8.8 n/a n/a n/a n/a 

EMC 
(µg/mL) 8.3 n/a 138 59 n/a 

VC (µg/mL) 9.4 n/a n/a n/a n/a 
DEC 
(µg/mL) 8.1 n/a n/a n/a n/a 

FEC (µg/mL) 10.2 n/a n/a n/a n/a 
EC (µg/mL) 7.7 n/a 1082 461 n/a 
PC (µg/mL) 10 n/a n/a n/a n/a 

 

Table 7: PAH content of wastewater after thermal runaway NMC battery sprayed with water (39). 

This paper highlights, once more, the importance of considering the cell chemistry and geometry of a 
battery when dealing with emissions.  

 

Smoke abatement water 
3.) EMPA (Swiss Federal Laboratories for Materials Science and Technology) 

During these tests carried out in 2020, the Swiss team did not want to spray the burning battery modules 
for fear of creating an explosive atmosphere, and so they only sprayed the smoke cloud that formed. 
The results obtained make it possible to study a scenario where intervention is limited to preventing 
propagation to neighbouring elements. They are also complementary to previous results, which did not 
distinguish between the proportion of pollutants attributable to the passage of smoke and that caused 
by direct contact with the battery debris.  

The results of these water analyses are shown in Table 8. In this water, the concentration of ions in the 
solution seemed quite reasonable: the quantity of chlorides, sulfates, nitrates, and phosphates found 
did not exceed the permitted values for drinking water in Switzerland, while fluoride ions barely exceeded 
them (x5). PAH pollution was also moderate (x4). The main pollutants were the metals typically found 
in cathodes: Co, Mn, Ni, and Li. Concentrations of these compounds were 40 to 150 times higher than 





 
 

Page 43 of 62 
 

3 Building the emission factors for LIBs 
As discussed in the previous chapter, some data exists for gaseous emissions in case of LIB thermal 
runaway, but measurements rarely enable building an emission factor (EF). Often, only concentrations 
are given (without the total emissions volume), while some papers do not provide enough details, and 
the methodologies used for gas analysis can vary. This, coupled with the variety of LIB chemistries and 
formats, makes building emission factors challenging.  

Some papers, however, provide relevant data for building emission factors, but the results can be 
uncertain. This chapter presents, first, the method used, the specificity of LIBs when dealing with 
emission factors, and the available data that can be used for such systems.  

Once more, it is important to remember that most of the available data was obtained from small-scale 
tests, making comparison to real situations highly complex. As a result, two specific data points must be 
considered. First, actual emissions should consider the real fire configuration, as ventilation can vary, 
and the presence of some other materials can trap certain species and lead to the production of others. 
Second, the emission factor should represent the emission of a given chemical for the combustion of a 
given mass of the substance. Determining the emission factor for a whole system would require 
measuring the real scale combustion velocity, which is a complex issue.  

3.1 Methodology for measuring the EF for LIBs 
While abuse testing of LIBs is common, the resulting mass loss is rarely reported. Even when measured, 
the lack of distinction between solid (not only particles but also large fragments) and gaseous emissions 
makes relevant measurements difficult. Also, potential damage to the weighing system cannot be 
disregarded and might impede or falsify the final estimation. Thus, having relevant emission factors 
expressed in grams of emitted gas by grams of fuel burnt, as in the classical combustion domain, is 
nearly impossible. 

Because the objective of a LIB is to store energy, a simple approach is determining the emission factor 
based on the nominal Watt-hour (Wh) of stored energy. Unless the exact value is given in Wh/kg in the 
literature, all evaluations made hereafter are based on a generic capacity of LIBs of 160 Wh/kg for a full 
battery and 250 Wh/kg for a cell or a group of cells without external systems. 

There are two ways to estimate the emission factor for LIBs currently. Ideally, the emission factor is 
included in the published paper that is used to build the database. In that case, the associated work 
consists only of a verification of the measurement methods used and the test conditions. This approach 
has been applied, for instance, to Rappsilber et al. (50), which analyzed emission factors for select 
gases and chemistries in 76 different papers. An important warning mentioned in this paper is the lack 
of data for building specific emission factors for each gas and for different LIBs chemistries. The second 
method consists of the integration of the emission curves, when available, to estimate the total amount 
produced for a given gas and then to normalize it to the potential available energy based on the mass 
of the sample. 

Finally, some unpublished data from Ineris, already provided in the previous NFPA report (15), concerns 
PAH and VOC emissions that could be compared to existing data for electric vehicles (61). The available 
values in the air matrix should also be discussed in comparison to data obtained for water contamination, 
presented in paragraph 2.4.2.3 of this document. These products are key substances when dealing with 
environmental impact and a special focus on them is proposed in this chapter.  

 

3.2 Data discrepancy for generic substances 
As mentioned previously, one of the critical inputs for evaluating emission factors is the recent review 
paper published by Rappsilber et al. (50). In this paper, numerous sources were considered to propose 
a visual distribution of CO emission factors. The emission factor is calculated by normalizing the total 
amount of a given gas by the cell’s energy storage capability. One of the main challenges of this 
approach is the variety of tests used to derive these values. Consequently, each emission factor may 
correspond to a different situation, making it difficult to standardize the results.  
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Figure 15: CO emission for different types of LIBs, different shapes and chemistries, and different 
SOCs, reproduced from (50). 

Considering, for instance, the CO emission factors for prismatic cells with different chemistries, data 
were published by Liu et al. (62) for LFP chemistry and by Huang et al. (63) for NMC and LFP. In these 
experiments, a series of four cells was used, and thermal runaway was triggered using a heating plate 
placed on the outer edge of a stack of cells. Lecocq et al. (47) used a different approach, employing an 
FPA (fire propagation apparatus) calorimeter where batteries were heated by radiant panels. It is 
important to note that the experimental designs for triggering thermal runaway, as well as the methods 
for gas collection and measurement, are different. This variability should be considered when 
determining cell emission factors. However, this analysis only covers a selection of gases, mainly carbon 
oxides and some flammable products. These gases are not the most critical for assessing the 
environmental impact of a fire, where HF, PAH, VOC, or PCDD/DF are key issues. 

Some emission factor data for HF were still provided in literature by Sturk et al., which emphasized 
larger emissions in the case of LFP cells compared to NMC/LMO cells (49). 

 

3.3 First steps toward an EF database for LIBs 

3.3.1 Emission factors for carbon oxides, halogenated acids, and common gaseous 
substances 

The first highlight of the literature review regarding LIB emissions is the wide range of emission factors. 
This variability arises due to several factors: 

− The nature of the cell chemistry 
− The form factor of the cell, which can influence decomposition and combustion processes 
− The cell’s state of charge 
− The sequence of events during thermal runaway, particularly the delay between gas venting 

and vapor ignition, and whether ignition occurs immediately or not 
− The thermal runaway triggering event, as the nature of the trigger can alter the thermal runaway 

sequence 
− The ambient conditions, including the availability of free oxygen, whether the space is enclosed, 

hygrometry, temperature, cooling systems, and extinguishing method 
− The battery’s history, such as its state of charge, aging, and whether datasheet limitations have 

been followed 
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To illustrate this variability, a range of values is provided in the database rather than a single value.  

Regarding emissions, as mentioned previously, only a limited number of gases, the most common ones, 
could be included in the database due to a lack of data for many critical chemicals that significantly 
impact the environment. 

 

3.3.2 Emission factors for PAH, VOC, and other critical substances 
As mentioned previously, little data is available regarding the emissions of PAH, VOC, or substances 
like PCDD/DF, despite their critical importance in assessing the environmental impact of fires.  

A preliminary set of values was established during an Ineris test series for VOC and PAH in a recent 
project briefly presented in (15). An order of magnitude for the emission factor was determined: 
approximately 40 mg/kg for PAH and around 8,420 mg/kg for VOC. These values were obtained for 50 
percent SOC cylindrical NMC cells. During these tests, it was also found that the predominant PAH is 
naphthalene, followed by 1-methylnaphtalene and anthracene, which is present in quantities four times 
lower. All other PAHs were an order of magnitude lower than these three. The predominance of 
naphthalene was also confirmed by Bordes et al. (39) through the analysis of water contaminated by 
PAH. This specific water analysis also highlighted the presence of 1-methylnaphtalene, but in lower 
quantities than in air measurements. Some other substances, such as phenanthrene or fluorene, which 
were not measured in the air during the first test series, were detected in the water (see Table 7, page 
41 for more details).  

The limited data concerning PAH emissions mostly correspond to emissions from EV fires. Recent 
analysis of emissions from internal combustion engine (ICE) vehicles (the most common combustion 
vehicle on the market) published by Willstrand et al. (61) provides a comparison between ICE vehicles 
and electric vehicles. This analysis shows a lower total emission of PAH for the first battery electric 
vehicle (BEV) compared to the ICE vehicle. However, it remains unclear how much the battery 
contributes to these emissions vs. other components of the vehicle, compounding the difficulty of 
considering LIB fire emissions. These emission factors for LIBs align with those published by Qiao et al. 
(64).  

A visual representation of the emission factors in comparison to other fuels is plotted in Figure 16. These 
results come from a specific test campaign that managed to characterize the emissions from fires 
following the large Lubrizol-Normandie Logistic fire in France in 2019 (71). It should be mentioned that 
the quantity of hydrogen chloride (HCl) emissions mainly depends on the nature of the plastic used for 
the battery casing, so this specific graph does not provide a general average overview.  
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3.4 Synthesis of gaps for determining environmental impact of LIB fires 
It is crucial to first understand that very little data is available for determining the environmental impact 
of LIB fires. While many papers have been published with pollutant measurements, evaluating the 
environmental impact of LIB fires is challenging due to a lack of relevant data. 

Based on the current state of the art and using specific tests conducted by Ineris for one LIB technology, 
NMC, the following key issues have been identified as being necessary to improve the prediction of the 
environmental impact of LIB fires: 

• Emission factors for acute toxic gaseous products need to be clarified for each chemical 
composition of LIBs 

• PAH/VOC emission factors need to be confirmed to be of the same order of magnitude as those 
measured for other fuels 

• Metal emission factors, which appear to be a critical pollutant series, should be determined, 
including specific tests to study the diversity of the environmental impact of each metal in both 
air and water 

 

To meet these objectives, it is crucial to establish some generic rules for fire tests aiming to provide this 
kind of data and to identify the main parameters to be considered: 

• Gas measurements should be taken continuously to enable the estimation of total emissions, 
not just peak concentrations 

• The sample mass loss rate should be measured together with gas emissions because no 
emission factor can be estimated without the total mass loss. Specific attention should be given 
to LIBs regarding the projectiles that could induce error in mass loss measurements. 

• The nature of the cell chemistry must be included in emission factor evaluations, along with the 
battery form factor (cylindrical, pouch, etc.) 

Regarding the equivalence between test methods, it is not clear how the thermal runaway triggering 
method (over-charge, short-circuit, etc.) influences the emission factor. This should be clarified. 

Furthermore, it should be mentioned that many factors govern the emission factor, including the cell 
chemistry, the BESS geometry and ventilation system, the fire propagation and resulting HRR, and the 
firefighting strategy, including automatic mitigation measures. These estimated emission factors should 
also be considered, as mentioned previously, as orders of magnitude. This conclusion is similar to those 
for more classic fuels.  
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4 Specificities of LIB environmental impact 
 

Comparing the environmental consequences of BESS fires to other types of fires can be done several 
ways. Comparing environmental consequences remains a great challenge and making comparison 
possible requires the use of two fixed parameters: 

• The mass of combustible product, varying the fuel itself 
• The total size of the fire 

Of course, a starting point for evaluating the environmental impact is the emission factor, which, as 
discussed in the previous section, is an uncertain parameter. To discuss the evolution of the 
environmental impact of fires with the development of BESS, some fires were chosen. Because the 
main focus of the present report is energy storage, comparisons were made with other types of energy 
sources, such as hydrocarbons. However, because the target is the environmental impact of fire, fuels 
that are known to cause significant environmental impact, such as PVC and tires, were also introduced 
for comparison purposes. Probability is not a parameter of this study but remains essential in the full 
analysis. 

As a case study, the following three representative events were selected based on the events presented 
in section 2.3.1, as well as events representative of the evolution of BESS: 

• The fire in a container in Surprise, AZ, that occurred in the US with significant human 
consequences. 

• A domestic fire involving a large house with and without a BESS dedicated system. 
• A large fire in a factory in Korea that involved lithium metal batteries and is representative in 

terms of the potential size of fires involving these products. 

Obviously, the last event corresponds to a very large fire, representative of a potential event on a large 
factory. It was chosen more as a worst-case configuration than a representative situation.  

 
Considering traditional fuels, the objective was to identify products with different potential environmental 
impacts using the major fires listed in (16). For each situation, the representative traditional fuel was 
adapted. Then, the following were considered for comparison purposes: 

• For the container fire: 
o Hydrocarbons, as they are commonly used energy carriers 
o PVC as a plastic representative, as the chlorine in its comparison can lead to dioxin 

formation during a fire 
o Tires, as they are known to produce a large amount of particle matter and potentially 

induce a strong environmental impact even if such fires are rare 
• For the domestic fire: 

o Consideration of the emission factors estimated for domestic fires 
• For the worst-case large factory fire: 

o Hydrocarbons, as they are commonly used energy carriers 
o PVC as a plastic representative, as the chlorine in its comparison can lead to dioxin 

formation during a fire 
o Tires, as they are known to produce a large amount of particle matter and potentially 

induce a strong environmental impact even if such fires are rare 

It should also be mentioned that the environmental impact comparison between electric vehicles and 
internal combustion engine vehicles was not considered here, as the emission differences between such 
vehicles are small because emissions of vehicles are mainly governed by the large amount of plastics 
and other hydrocarbon-based compounds they contain.  

4.1 Comparison rationale 
To assess the potential environmental impacts of the selected fires, the following aspects were 
analyzed: 

1. Emission source term for battery fires – estimation of emission factors based on current state-
of-the-art methods 
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Figure 19: 2.5 µm particle deposition for different fuels with the main characteristics of the Surprise fire. 

 

To address other toxic compounds, such as metal particles, an assumption was made and only particles 
with a 10 µm diameter were considered (see Figure 20). It is important to note that emission factors 
differ in this context. Only tires and LIBs were included in this analysis, as the other fuels considered do 
not produce metal emissions. As an assumption and due to limited data on metal emissions, the same 
emission factor was used for both LIBs and tires. 
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Figure 20: 10 µm particle deposition for different fuels with the main characteristics of the Surprise fire. 

 

In Figure 19 and Figure 20, the deposit quantities are normalized by the maximum computed deposit 
quantity for all fuels, facilitating easier comparison. Normalized values were used instead of raw deposit 
quantities due to uncertainties in the emission factors. These maps are usually employed to determine 
the sampling area for more precise quantification of actual deposits. 

 

4.2.5 Water contamination 
To estimate the environmental impact of LIB fires through water contamination, the quantity of water 
used is a key factor. Data from multiple incidents indicated that the total amount of water used for such 
fires ranges from 500 to over 10,000 m3, translating to 35 to 750 m3 of water per ton of LIBs. This water 
then becomes contaminated with various products, including hydrogen fluoride, PAHs, metals, and base 
alkali, as observed in the Liverpool fire.  

For the same amount of fuel, the maximum water quantity required for conventional fuels, based on the 
Sandoz method (69), is about 5 m3 per ton, seven times lower than the minimum quantity used for LIBs. 
This water would also be contaminated with various products, including PAH, halogenated acids, and/or 
metals, depending on the fuel characteristics. For a scenario involving about 13.5 tons of product, this 
represents a need of less than 100 m3 of water for hydrocarbon and plastic fires. 

 

4.3 A domestic fire case  
A typical application of BESS is their use as a power supply for domestic application, mainly in large 
buildings. In such a situation, the BESS emissions must be added to those produced by the building 
fire. Using the emission factors given for houses (14) and summarized in Table 11, it is clear that the 
environmental impact of a single domestic fire is quite negligible. As for other typical fires, not all pollutant 
emission factors are known and, consequently, the analysis was focused on the available values.  
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Figure 21: 2.5 µm particle deposition for different fuels with the main characteristics of the Iowa fire. 

 

When considering larger particles, such as those with a 10 µm diameter typically representative of metal 
pollution, and assuming an identical emission factor for both LIBs and tires, the increased dilution 
induced by the fire cloud dynamics results in a reduced deposit level for tires compared to LIBs, as 
shown in Figure 22. 

 



 
 

Page 57 of 62 
 

  
Lithium-ion battery fire Tire fire 

 
Mean 10 µm particle deposition (µg/m²/s) 

Figure 22: 10 µm particle deposition for different fuels with the main characteristics of the Iowa fire. 

 

4.4.4 Water contamination 
For a LIB fire, the required water quantities can be enormous. Using the lowest application rate of 
35 m3/t, nearly 1 million m3 of water would be needed. In contrast, for the same mass of hydrocarbons, 
based on a 5 m3/t factor, the water requirement would be 100,000 m3. 

 

4.5 Synthesis 
The main learnings from the simulations presented in this chapter are: 

• The dilution of the fire plume for battery fires can be reduced by the specific configuration of the 
fire 

• PAH and similar product deposits might be higher for a LIB fire than for a classic fuel fire with 
the same emission factor magnitude, mainly due to lower atmospheric mixing 

• Metals appear to be one of the most critical pollutants when dealing with potential deposits from 
a LIB fire 

The results should be analyzed with consideration of the difficulty of defining robust emission for specific 
pollutants emitted by LIB fires, particularly metals, which remain a significant unknown parameter in 
assessing the environmental impact of these fires. 
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However, the emission factor is not the only parameter governing the environmental impact of a fire. 
Dispersion to the environment is also strongly influenced by the fire plume, affecting the indirect 
contamination of soil and water. Considering all these parameters, current knowledge on emissions 
suggests that: 

• The characteristics of LIB fires generally lead to limited thermo-kinetic energy of the fire 
plume, resulting in limited atmospheric dispersion 

• Metal contamination may be an issue for LIB fires 
• Emission factors for many substances, such as PAH, VOC, etc., need clarification 

To improve the current knowledge of emission factors, specific precautions should be introduced for LIB 
tests, including continuous measurement of emissions while considering as many gases and 
substances as possible. Furthermore, a specific focus on mass loss rate is needed for those tests, as 
emission factor estimation is impossible without this value. In addition, one should highlight the lack of 
data regarding contamination by PFAS during LIB fires.  

Finally, to provide a relevant evaluation of the environmental impact of such fires, water contamination 
should be analyzed using various application methods and different cell characteristics. Such water 
contamination knowledge improvement is a key to developing firefighting strategies keeping in mind that 
using large quantities of water or letting the fire burn could be valid approaches. The best strategies 
depend on many local parameters and the equilibrium between air and water contamination.  

It is recommended that research programs intending to contribute emission factor information for battery 
fires report the following information at a minimum: 

• The total energy (in kWh) and mass of the LIBs studied 
• The final mass of any residual materials after destructive battery testing 
• An assessment of potential contaminants, including PAH, VOC, and particulates 

For a more comprehensive analysis, a complete study could include: 

• A full quantitative evaluation of potential contaminants 
• Quantification of particulate release 
• Measurement of potential contamination to extinguishing water 

Finally, an important factor when considering the available data concerning lithium-ion battery emissions 
is that the majority come from small-scale tests performed at the cell level. Obviously, transposing those 
measurements to real situations is highly challenging and should be considered with care. Developing 
large-scale tests that include the fire emissions should be considered for future evaluation of the 
environmental impact of such fires. 
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