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Abstract

:

As the use of Li-ion batteries is spreading, incidents in large energy storage systems (stationary storage containers, etc.) or in large-scale cell and battery storages (warehouses, recyclers, etc.), often leading to fire, are occurring on a regular basis. Water remains one of the most efficient fire extinguishing agents for tackling such battery incidents, and large quantities are usually necessary. Since batteries contain various potentially harmful components (metals and their oxides or salts, solvents, etc.) and thermal-runaway-induced battery incidents are accompanied by complex and potentially multistage fume emissions (containing both gas and particles), the potential impact of fire run-off waters on the environment should be considered and assessed carefully. The tests presented in this paper focus on analyzing the composition of run-off waters used to spray NMC Li-ion modules under thermal runaway. It highlights that waters used for firefighting are susceptible to containing many metals, including Ni, Mn, Co, Li and Al, mixed with other carbonaceous species (soot, tarballs) and sometimes undecomposed solvents used in the electrolyte. Extrapolation of pollutant concentrations compared with PNEC values showed that, for large-scale incidents, run-off water could be potentially hazardous to the environment.
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1. Introduction


The current development of Li-Ion batteries concerns numerous, application fields, and the thermal runaway hazard about those systems, often leading to fire and sometimes explosion events, remains a resilient issue. In parallel to the wide spread of Li-ion-powered consumer products in complex built environments, the increasing use of applications of LIB for e-mobility or large-scale battery energy storage systems (BESS), in the hundreds of MW power range, requires the urgent development of environmentally friendly strategies to fight lithium-ion battery fires. Considering that water remains one of the most efficient fire extinguishing agents to fight battery fires, and in many cases is the only extinguishing medium available in operational quantities to the fire-brigades, the potential impact of relating fire run-off waters to the environment should be considered and assessed carefully. Lessons of the past have primarily shown that uncontrolled release of toxic fire waters in rivers may lead to a dramatic consequence for water livestock, as primarily shown by major incidents involving large storage of toxic chemicals such as in Basle (Sandoz fire, Switzerland, 1986) [1,2] or in Tianjin (China, 2015) [3]. This is a prerequisite for establishing a clear and science-based firewater management doctrine [4]. In particular, the level of contamination of fire waters in terms of toxicity to aquatic ecosystems is needed to decide on the free release of extinguishing waters into the environment or into rainwater drain systems or on their containment in suitable systems for post-hazardous liquid waste management [5].



During the thermal runaway phenomenon—initiating stage of relating field failures—it is well-known that systems containing Li-ion batteries produce emissions or effluents which can range anywhere within the full spectrum of physical states, e.g., liquids (electrolyte leak or ejection), gases or vapors or solid aerosols [6,7,8,9,10], which adds complexity to both non-flaming and flaming conditions. These emissions may in turn interact with the environment and lead to pollution [11]. One of the contamination modes of both land and aquatic ecosystems is the aerosol sedimentation process arising during smoke plume dispersion, often at a stage where contaminant concentrations in the smoke plume are significantly diluted at a certain distance from the incident. Another possible and easier way of pollution is linked to the extinguishing agents used, typically water used by fire suppression systems or fire brigades, which can carry effluents emanating from the damaged battery. These various modes of contamination have been, unfortunately, largely confirmed in a significant number of fire records, as exemplified by Mc Namee et al. [12]. This shows, in particular, the diversity of influencing factors in terms of burning materials, size, and fire duration, potentially leading to environmental damage. Regarding batteries, the contaminants involved depend on the materials composing the system. These materials vary from one Li-ion battery chemistry/geometry to another and from one system to another, but the phenomena at stake and the resulting effects are close [13]. For small- or medium-isolated batteries (e.g., used for portable applications), the accidental contamination risk should be relatively low, but for more energy- or power-demanding applications leading to larger battery systems (containerized BESS, …) or large-scale cell and battery storages (warehouse, recyclers, …), the consequences might start to raise concerns in the absence—so far the usual case—of any fire water containment capacity. As a matter of fact, according to EPRI information, 64% of the BESS site owners are considering the implementation of water containment for the firefighting run-off waters [4]. Regarding fire extinguishing waters used to tackle car fires, if detailed studies [14,15] of fire water ecotoxicity had concluded that subsequent fire water run-off had a negligeable impact on the environment, as far as ICE cars are concerned, more caution is likely to be needed with EVs, given the significant differences applied from potential contaminants from the battery and the amount of water requirements.



Emissions during thermal events are directly linked to the materials constituting the battery. However, they will possibly be altered by reactions of thermal decomposition, electrolysis or even combustion that might drastically change the nature and properties of the ejected matter [8]. Carrying those substances by water will vary depending on the chosen extinguishing method. Three options are generally possible: (1) Direct watering of the batteries—when sprinklers or water fire hose are directed to the faulty system with direct contact with the batteries. (2) Fire plume watering for fire and smoke progress abatement—when water is not applied directly to the system but to its surroundings to prevent fire and subsequent damage propagation to adjacent elements and therefore minimize the impact of the root fire. (3) Water immersion—when the battery is immersed in a large volume of water, either after an incident to cool down the sample, or during an incident to try to limit it. In this last option, managing firefighting waters is relatively simple as water is already contained.



Water contamination in the smoke watering scenario (#2 firefighting option) was recently studied by EMPA [16,17] while analysis of immersion water (#3 firefighting option) has been performed both by EMPA and RIVM [18]. However, more globally, published information regarding contamination of fire waters used to tackle li-ion battery fires, regardless of the application, remains quite scarce. Therefore, further investigation is needed to confirm the early trends observed [19] and to address those issues in the entire value chain of LIBs.



In the present paper, the case of direct watering of the batteries is the only scenario studied. Commercially available NMC battery modules composed of two different cell formats (18,650 and prismatic) were chosen for the experimental approach selected in this study.




2. Materials and Methods


2.1. Description of the Samples


Two types of commercial Li-ion modules were used, both composed of NMC/graphite cells.



Module A comprises 16-metal-can prismatic cells (7.5 Ah) and has an electrical energy of 500 Wh. In addition to the electrochemical cells, the module also includes metallic (aluminum plates, cells connectors) and plastic (casing cover, wire insulation etc.) parts.



Module B is an assembly of 2 cell blocks, each one composed of 45-cylindrical 18,650 cells (2.4 Ah), circled with a metallic grid to ensure its mechanical integrity. The total energy of the battery assembly is 900 Wh. In addition to the electrochemical cells, the module also integrates a thin plastic film keeping the cells tightly together and connected.



The week before the abuse tests, the modules were fully charged using a constant current profile at C/5 using a cycling bay from FEV manufacturer.




2.2. Abuse Tests Set Up


Abuse tests on modules were performed in the Ineris 80 m3 test chamber equipped with a smoke exhaust and treatment system remotely controlled to fully extract, measure, and eventually convey gases through the gas cleaning system of the facility before their rejection to the atmosphere. The room is also connected to a water-draining system to collect all liquid effluents produced by the fire or during the fire suppression process. In the testing room, the air entrance is located on one side, near the ground; extraction is placed in the center of the roof. All tests were performed under air with an extraction flow rate in the test chamber of approximately 2 500 m3/h.



The sample was positioned in the center of the test chamber for each test, as represented in Figure 1. Modules were positioned on a metal grid, electrically insulated, using a small support made of inert material (calcium silicate).



For module A, as the thermal pad failed to initiate a thermal runaway, a 20 kW gas burner was selected and positioned 30 cm from the sample and directed to the middle of the module. To prevent any interaction between the propane burner and the water used for firefighting, the burner was switched off as soon as thermal runaway was triggered.



For module B, two thermal pads with individual power of 220 W and a 50 cm2 surface were put in contact with each cell block.



Since the objective of the tests was to evaluate water contamination in thermal runaway situations, the sprinkler activation was performed manually as soon as the thermal runaway was visually confirmed. As the modules were not equipped with thermocouples, the thermal runaway event was considered occurring when flames were escaping for the first time from the module. The application rate was set at 10 L/m2/min. The basin surface was 0.25 m2, and the volume of collected water was estimated by calculation using the water flow, the watering time, and the basin surface.




2.3. Water Sampling


After each test, 2 L of water was immediately sampled from the extinguishing water containment basin for chemical composition analysis. It is important to highlight that no filtration was made to keep all of the emissions in the analyzed samples, whatever the chemical or physical processes that were involved in the interactions of emissions from the battery module and extinguishing waters (condensation, dissolution, sedimentation etc.), since the objective of the test was to characterize the global composition of runoff water.



Before the test, the water receptacle was exposed to a direct flame to remove the potential traces of organic solvents. However, deposit remains possible, and a reference was then carried out by watering the same set-up, without any battery, in order to have a baseline of potential species inherently present in the water supply or due to receptacle component extraction during sampling.




2.4. Water Analysis


2.4.1. Inductively Couple Plasma Optical Emission Spectroscopy


Inductively Couple Plasma Optical Emission Spectroscopy (ICP-OES, Agilent 5110 equipment, Santa Clara, CA, USA) has been used for the analysis of major elements (Al, Fe, Li, Na, Ni, P).




2.4.2. Inductively Couple Plasma Mass Spectrometry


Inductively Couple Plasma Mass Spectrometry (ICP-MS, Agilent 7900 instrument, Santa Clara, CA, USA) has been used for the analysis of trace elements (Co, Cu, Mn). Instead of the ICP-OES used for major elements by measuring the light emitted from elements, ICP-MS uses a quadrupole to filter the ions according to their mass/charge ratio and counts each mass passed to the detector. The high sensitivity of the ICP-MS detector provides a much lower detection limit than ICP-OES.




2.4.3. Ion Chromatography


Chloride and fluoride species were measured by ion chromatography (Metrohm, 850 Professional IC, Herisau, Switzerland) with conductimetric detection. Ion chromatography is a method for separating ions (Cl− and F−) based upon their interactions with resin (stationary phase) and the eluent (mobile phase).




2.4.4. Liquid Chromatography


To extract polycyclic aromatic hydrocarbons (PAHs) from the water sample, a separation of the particle phase was carried out using glass wool. Aqueous phases were extracted using dichloromethane by liquid/liquid extraction and particulate phase was extracted using acetonitrile. Both extracts were evaporated and collected in 0.5 mL of acetonitrile each and recombined in the same vial before analysis.



Analysis of PAHs was performed on a liquid chromatography system, an ultimate 3000 from thermo coupled to a diode array detector (DAD) and fluorescence detector (FLD) detector. Molecules were separated on C18 column (Zorbax eclipse PAH 2.1 × 150 mm 1.8 micron from Agilent). All PAHs were quantified using the FLD detector except for Acenaphthylene that was quantified using the UV-DAD detector.




2.4.5. Gas Chromatography


Carbonates were analyzed using a gas chromatography system from Varian. Samples were diluted in methanol and 1µL was injected in split mode 1:10. Separation was performed on a capillary column from Agilent VF-5 ms 60 m, 0.25 mm internal diameter and 1 µm film thickness. A flame ionization detector was used to quantify the different compounds.





2.5. Particle Morphology Characterization


A particle size distribution analysis using the centrifugal disc method (by use of CPS Disc Centrifuge™ instrument, Tokyo, Japan) and further particle morphology study by Transmission Electron Microscopy (TEM, JEOL 1400 Plus instrument, Tokyo, Japan) were carried out on the sampled water. To enable this analysis, all particles larger than 2 μm in size were filtered beforehand.



To perform microscopic analysis of the particles, a droplet of the sample suspension was casted on a copper grid and dried at room temperature to be observed with a TEM (Transmission Electron Microscope, JEOL, 1400 Plus, Tokyo, Japan). A beam of electrons accelerated by a high voltage (120 kV) passes through a very thin sample, in this case a carbonized copper grid on which a microdrop of the sample to be analyzed was deposited. During the electron–matter interaction, the transmitted and diffracted electrons are used to form an image with high resolution in gray levels, and the X-ray photons allow for a micro or even a nano-volume of the sample to be chemically characterized.





3. Results


3.1. Test Conditions and TR Characteristics


Table 1 compiles the test conditions and reactions observed during the three successive test runs and Figure 2 gives details on the timeline of the experiments and presents pictures of the markers of significant events.



In the first experiment, the thermal runaway of module A was characterized by the emission of a large amount of white smoke followed by the appearance of flames. No jet fire was observed, but a rather moderate combustion process, as visible on the first line of Figure 2 was observed. Water was applied for 2 min 50 s, corresponding to a volume of collected water of 7 L. The flames stopped as soon as water was applied. After the test, no cells presented any side wall rupture, and their mechanical integrity was conserved.



Test 2 was performed because module A was only moderately impacted by the first experiment. It was decided that the thermal runaway of module A should be further pushed and to restart the burner. After a few minutes of heating, the module entered again in the thermal runaway process. In this case, the reaction was much more violent since the jet fire was observed, the module casing was ejected, and all cells subsequently seemed damaged, some of them losing their mechanical integrity (casing opening). The second line of Figure 2 shows the reaction’s visible effects just before water application (12 min 9 s). Water was applied for 2 min 40 s, leading to an additional volume of collected water of 7 L, i.e., a total of 12 L considering 5 L remains from test 1 (after that 2 L were sampled for analysis). Contamination levels indicated for test 2 are the values corresponding to the mix of the 5 L remaining from test 1 and the 7 L applied during test 2. The flames did not stop immediately upon water application, and an unknown portion of the water vaporized before reaching the receptacle. In the first approximation, this proportion of water vaporized was not considered for further calculation of the contaminant. The flames stopped 35 s after the application of water.



For module B, a single TR/fire water suppression step was carried out when the thermal runaway was reached. The third line of Figure 2 shows that the reaction was rather violent. All of the cells seemed damaged after the test and some of them lost their mechanical integrity (casing opening or jelly roll ejection). Water was applied for 3 min 30 s corresponding to a volume of collected water of 9 L, neglecting once more the vaporizer part. Flames stopped 45 s after water activation.




3.2. Characterization of Water Contamination


3.2.1. Halogens and Metals


Table 2 shows the results of the analyses for the presence of the two anions (F− and Cl−) as well as a selection of metal compounds. Those species have been chosen to reflect the foreseeable pollutants considering NMC Li-ion batteries composition [20].



As expected, the levels of fluorides and metals are found in large amounts, due to the composition of the cells. In module A, phosphorus and fluoride ions are the dominant species. In contrast, in module B, lithium is the more concentrated pollutant element compared to all other metallic elements and fluorides or chlorides. All these species are found in cell electrolytes or in the electrode for Li. Transition metals contained in the cathode (Ni, Mn, Co) are found mainly when the reaction was violent (tests 2 and 3). Their ratios, across different tests vary but in the three tests, Ni is overrepresented compared with Mn and Co, which is expected as stoichiometry of the current NMC cathode favors Ni. Their presence—in undetermined metal containing chemicals (oxides ? hydroxides ? metal complexes ?) [21]—is consistent, with composition of the selected cells. In order to better understand their respective amount, further studies on their chemical state and their solubility in water are necessary.



Aluminum, copper, and iron in pristine cells are present in sheets or bulk form and as particulate matter; therefore, they are expected to be less present in particulate emission. Aluminum is, however, found in noteworthy amounts probably because of its low melting point (660 °C). Iron and copper, which have higher melting points are found in relatively low amounts in the three tests.



By comparing the two extinguishing operations on the prismatic cells (test 1 and 2), it can be observed that when the thermal runaway thermal impact is characterized by a fully developed combustion process, the interacting water collected is much more concentrated in Polycyclic Aromatic Hydrocarbon (PAHs) and cathode metals (Ni, Mn, Co). On the other hand, the concentrations of elements essentially coming from the liquid electrolyte (typically Li, P, F) are present in higher quantities (1.6 to 1.8 factor) when the reaction is not fully developed, and where the electrolyte has a chance to be dragged in the water. This observation is coherent with the higher amount of organic carbonates found in test 1 presented in Section 3.2.3.



The comparison of the results between different cell geometries also confirms the importance of this parameter, influencing, in particular, the mechanical strength of the system and, therefore, the confinement of the species.




3.2.2. Poly Aromatic Hydrocarbons (PAHs)


Another important family of water contaminants in fire situations is PAHs. While the common specification for PAHs mentions 16 substances to be analyzed [22], 23 PAHs were analyzed; the results are reported in Table 3.



It shows the presence of numerous PAHs including naphtalene and phenantrene, the most present, which typically indicates the combustion of hydrocarbon-based products. Specific attention should be paid to B(a)P as it is class 1 on the IARC scale (proven carcinogen). According to the potential ecotoxicological impact of those products, one should pay specific attention to the potential impact of runoff water.




3.2.3. Organic Carbonates


To complete the chemical characterization of the pollutants in the extinguishing waters, a selection of organic carbonates, classically used as electrolyte solvents or critical additives (VC, FEC), was quantified. Results are shown in Table 4.



The presence of such compounds is found only in tests 1 and 2. This difference between the tests could be explained by the important combustion reaction observed during tests 3; it is most likely that the high temperature reached during this test led to the total evaporation and possible thermal decomposition of those volatile and easily flammable compounds before being dragged into the wastewaters. The boiling point for EC is typically 244 °C and 100 °C for EMC, which is significantly lower than the flame temperature. For the same reason, as the reaction in test 1 was less violent than in test 2, the quantity of carbonates found is higher for test 1 than for test 2. Species identified in the water are EMC and EC which are very commonly used as electrolyte solvents. Also, the boiling point difference might explain the difference between the quantity of EC and EMC found in the liquid phase, as EMC evaporates more easily. This also means that the massive use of water to cool down a whole system as a container could lead to a higher concentration of organic carbonates since part of the cells might, in such a case, be damaged but not burnt. Hydro solubility of those compounds may also play an important role (778 g/L for EC and 46.8 g/L at 20 °C for EMC) and explain the differences in the concentrations found. These compounds must be carefully monitored because they cannot easily be filtered out or left to settle.




3.2.4. Particle Size Analysis


To complete the chemical analysis of the water, particles sizes in the water were evaluated using the CPS method. Using Stokes’ law, a hydrodynamic intensity-weighted particle-size distribution of diameters is obtained and transformed into a volume-weighted or number-weighted particle-size distribution, as presented in Figure 3.



This analysis leads to the conclusion that only extinguishing water from test 1 has a nanometric fraction, with particles around 70 nm in diameter. Other samples contain a majority of particles between 0.9 and 2 µm. This analysis confirms the possibility, mentioned in the literature [11], that extinguishing water might be loaded with nanoparticles, without being able to quantify them with the method used. Also, because nanoparticles are absent from tests where the reaction was the most developed, it can indicate that those particles might be dragged in the smoke plume before being dragged by water.



To get information on the nature of the nanometric particles in the extinguishing water of test 1, additional analysis by transmission electron microscopy were performed. Images are presented in Figure 4. Figure 4a shows a picture of a representative sample of what was observed over the entire grid. Several populations of particles of highly variable sizes are identified and presented on Figure 4b–d. The majority of particles are the finest and correspond to the smallest black dots in Figure 4a. According to Figure 4b, one can conclude that soot nanoparticles agglomerate and form nanostructured clusters. Spherical particles of intermediate size are then observed (Figure 4c) and are associated with tarballs, having a diameter around 100 nm. Finally, the largest particles (Figure 4d) have a characteristic size around one micron and are mainly metal particles, composed of iron and aluminum.



Particles bellow 2.5 µm are inhalable and might pose a toxicological risk for humans [23]. In the case of this study, the particles are in water, making eco-toxicity the main risk identified. No size threshold is clearly defined in the literature nor in regulations. Some studies have nonetheless showed that particles with a size lower than 100 nm can enter the root system of higher plants and be translocated to aerial parts which demonstrate the possibility of trophic transfer [24]. In invertebrates (water flee), accumulation of several types of nanomaterials has been shown [25]. The interaction phenomenon between metallic oxide nano materials and freshwater micro-algae was also evidenced by Rivero et al. [26].



3.2.5. pH Measurement


Table 5 shows the pH measured in the sampled water immediately after each test.



Depending on the test, the pH of extinguishing water is either acidic or basic. Values obtained in our tests would rate the corresponding water clearly outside recommended freshwater quality standards (6.5 < pH < 9) or limiting pH values for treatment in wastewater sewage systems (see Table 6).



Battery field failure incident reports as well as scarce pH values reported in the literature mostly report very basic contaminated water resulting from fire-fighting operations [16,17,18,30], although this is not always the case [31].



The basicity of the water is sometimes explained by the inner content of the cell that may contain soluble metal hydroxides. By contrast, the resulting acid fire water could be related to the interaction of the water with the acidic gases contained in the fire plume [31]. A difference in concentration in metallic species between the two tests might explain (see Table 2) the difference in pH observed. Depending on the environments in which the water will evolve (acidic or basic soils, etc.), it cannot be ruled out that these pHs are modified [32] before final pouring into aquatic ecosystems (surface of underground water resources).







4. Discussion


These tests were carried out at a small scale compared to what could occur, for example, in the event of an incident with a stationary storage container or storage warehouse. In such an event, the quantities of batteries involved, and the quantity of water used for extinction would be much higher. To estimate the orders of magnitude of water contamination values for a realistic situation (BESS container or storage warehouses), a simplistic extrapolation of the results obtained based on real incident data is proposed. In the Perles and Castelet (Ariège in France) battery stationary storage fire, which is well documented [33], and involving a stationary storage of 1500 kWh, the local authorities estimated that a volume of water of 180 m3 was used by the firefighters, i.e., 0.12 L/Wh. This volume seems to be a good basis to extrapolate results as other feedback for other large-scale applications give similar values [34].



In the tests presented here, the volume of water used is coherent with other same-level studies [35] and, for test 1 on prismatic cells, 7 L were poured onto the 500 Wh battery (0.014 L/Wh) during test 2, and the total volume of water was 12 L (0.024 L/Wh). For the cylindrical cell, 3.9 L were poured onto the 900 Wh (0.01 L/Wh) battery. The values proposed in Table 7 correspond, for a selection of substances, to an extrapolation using a proportionality rule between the concentrations measured during the tests and the actual conditions reported during the Ariège incident (see Supplemental Material). This calculation also assumes that the normalized water flow rate (per watt-hour) does not significantly influence the mass transfer of pollutants in the run-off water.



In order to evaluate the potential environmental hazard of these wastewaters, the last column presents the “Predicted No-Effect Concentration”(PNEC) of the substance when available on the ECHA website [36]. Those values should be read with caution as they are given for a yearly average and are extracted from several sources, including industrial ones. The concentration in the wastewater was above PNEC values for all the substances studied when the data were available except for naphthalene, showing a potential environmental hazard. Two compounds show a particularly high hazardous potential: Co and EMC with concentrations, respectively, 2500 and 260 times greater than their PNEC. This means that, in a realistic scenario where two fire hoses are used to fight a fire using 1000 L/min, and the waste waters are flowing to a small river with a flow of 3 m3/s, the concentrations of contaminants in the river are still above the PNEC for those compounds. It is also worth noting that some of the compounds’ PNEC could not be found on the ECHA website but might be even more hazardous. For example, a PNEC as low as 0.0017 mg/L can be found for nickel [37] from sources other than ECHA. Another point to consider is the possible interaction between the contaminants. To assess this, the best method would be to test the particle mix directly. Few studies of this kind are available but, Yang et al. has recently shown [8] that particles from the NMC cell thermal runaway could cause inhibition of bacterial activities in the range of 25–200 mg/L and severe acute toxicity at 100 mg/L in 5 h [8] and Quant et al. showed the acute toxicity of the runoff water [19].




5. Conclusions


In the present work, the two battery modules were triggered in thermal runaway and subsequent degassing and fire. Water was applied to mock-up firefighting operations in order to analyze the composition of the extinguishing water.



The tests presented in this paper highlight that waters used for firefighting on NMC Li-ion batteries are susceptible to containing many metals, including Ni, Mn, Co, Li and Al. Those metals are mixed with other carbonaceous species (soots, tarballs). It is also important to note that particles present in the water can be nanometric or in the form of nanostructured clusters. In addition to the solid contaminants, liquid compounds can be present, especially organic carbonates coming from the electrolyte (EC and EMC in this case) and also gaseous species such as PAH. A comparison with PNEC values showed that this water could be potentially hazardous to the environment, depending on the actual situation encountered in the case of thermal runaway propagation with a Li-ion battery-based system.



These tests also make it possible to identify some trends concerning the reaction scenario. By comparing the two extinguishing operations on the prismatic cells, one can see that when the fire is developed, the water is much more concentrated in PAH and cathode metals (Ni, Mn, Co). On the other hand, the concentrations of elements coming from the liquid electrolyte (typically Li, P, F), more easily accessible, are present in equivalent quantities. Liquid organic carbonates are preferably found in the case of degassing without ignition. These low boiling point liquids are otherwise vaporized and found mainly in the gaseous phase. The comparison of the results between the prismatic cell module and the 18,650-cell module also confirms the importance of the cell and module geometry, influencing, in particular, the mechanical strength of the system and, therefore, the confinement of the inner materials.



As large Li-ion batteries are fast spreading (in so-called Battery Energy Storage Systems, BESS, for example), and only few data on the environmental impact of fires in those systems are available, it is crucial to further develop consolidated knowledge in this field. Several directions could be suggested for future tests like developing higher level (or full scale) testing to increase test representativity. Owing to field operational constraints in terms of emergency response following a fire, considering time between event initiation and water suppressant application as a parameter in futures studies also seems important. Other investigations worth being performed are, for instance, a detailed assessment of air, water and soil local impacts following Li-ion BESS significant incidents or in-depth environmental impact studies of key Li-ion substances like organic carbonate solvents (EC, EMC, etc.).
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Figure 1. Pictures of the experimental set-up. (a) Overview, (b) sprinkler head, and (c) battery module B. White pads on the front faces of each battery block correspond to the heaters. 
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Figure 2. Extracts from the test video and timeline of the three experiments. 
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Figure 3. Number-weighted particle-size distribution of the particles presents in the water before application (reference) and in the three samples after extinguishing. Measurement was carried out by CPS. 
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Figure 4. TEM analysis of the particles presents in the extinguished water of test 1. (a) Zoom-out of a representative area showing the relatives proportion of the three particles population encountered, (b) zoom-in of particles identified as soot agglomerate, (c) zoom-in of particles identified as tarballs and (d) zoom-in of particles identified as metallic. 
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Table 1. Summary of test conditions and observations.
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	Module Type
	Module Energy
	Heating Method
	Reaction
	Module State after Test
	Sprinkler Flow
	Amount of Water Delivered





	Test 1
	Prismatic cell assembly

NMC

(module A)
	500 Wh
	Gas burner
	Venting + moderate fire
	Upper plastic burnt

Mechanical integrity conserved

No module casing opening
	10 L/m2/min
	7 L



	Test 2
	Prismatic cell assembly

NMC

(module A)
	500 Wh
	Gas burner
	Jet fire + explosion
	Module casing ejected

All cells fully burnt with casing damaged
	10 L/m2/min
	7 L



	Test 3
	Cylindrical cell assembly

NMC

(module B)
	900 Wh
	Thermal pad
	Jet fire + explosion
	All cells burnt

Some jelly rolls visible
	10 L/m2/min
	9 L










 





Table 2. Analysis of anions (F− and Cl−) and a selection of metals in the water before application and in the three samples after extinguishing. QL = quantification limit. Uncertainty values refer to expanded uncertainties (k = 2).
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QL

	
Uncertainty

	
Reference

	
Test 1

(Module A)

	
Test 2

(Module A)

	
Test 3

(Module B)






	
Ions




	
F− (mg/L)

	
0.05

	
8%

	
0.25

	
142

	
91.6

	
93.7




	
Cl− (mg/L)

	
0.01

	
3%

	
24.9

	
33.4

	
36.5

	
203




	
Metals




	
Al (mg/L)

	
0.17

	
15%

	
0.91

	
74.2

	
29.3

	
73.9




	
Co (mg/L)

	
0.03

	
10%

	
<LQ

	
0.42

	
12.8

	
7.07




	
Cu (mg/L)

	
0.03

	
10%

	
0.04

	
0.30

	
0.26

	
4.18




	
Fe (mg/L)

	
0.08

	
9%

	
0.30

	
5.92

	
4.59

	
0.30




	
Li (mg/L)

	
1.67

	
15%

	
<LQ

	
44.5

	
27.8

	
360




	
Mn (mg/L)

	
0.03

	
10%

	
<LQ

	
1.22

	
17.0

	
5.82




	
Na (mg/L)

	
1.67

	
14%

	
13.0

	
15.6

	
16.3

	
26.2




	
Ni (mg/L)

	
0.08

	
12%

	
<LQ

	
3.25

	
49.0

	
40.1




	
P (mg/L)

	
0.17

	
17%

	
<LQ

	
201

	
113

	
5.80











 





Table 3. Analysis of 23 PAHs in the water before application and in the three samples after extinguishing. QL = quantification limit. (Expanded: k = 2) Uncertainty of analysis for HAPs is 15% for all species.
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PAH (Polycyclic Aromatic Hydrocarbons)




	

	
QL

	
Reference

	
Test 1

(Module A)

	
Test 2

(Module A)

	
Test 3

(Module B)






	
Naphtalène (ng/L)

	
10.0

	
<LQ

	
1279.2

	
2792.2

	
3114.6




	
Acénaphtylène (ng/L)

	
40.0

	
<LQ

	
2421.7

	
2405.1

	
1193.4




	
méthyl-1.naphtalène (ng/L)

	
10.0

	
<LQ

	
26.8

	
459.4

	
667.1




	
méthyl-2.naphtalène (ng/L)

	
10.0

	
<LQ

	
203.2

	
<LQ

	
2058.4




	
Acénaphtène (ng/L)

	
2.0

	
<LQ

	
34.1

	
110.6

	
275.7




	
Fluorene (ng/L)

	
2.0

	
<LQ

	
74.1

	
752.3

	
1055.0




	
Phénanthrène (ng/L)

	
4.0

	
5.7

	
360.9

	
3026.8

	
2581.6




	
Anthracène (ng/L)

	
2.0

	
<LQ

	
10.6

	
330.5

	
303.3




	
Fluoranthène (ng/L)

	
2.0

	
10.8

	
57.7

	
1280.9

	
349.8




	
Pyrène (ng/L)

	
2.0

	
7.2

	
45.1

	
1279.8

	
20.5




	
méthyl-2.fluoranthène (ng/L)

	
4.0

	
<LQ

	
7.3

	
45.1

	
21.3




	
B(a)A (ng/L)

	
2.0

	
<LQ

	
24.8

	
185.7

	
131.8




	
Chrysene (ng/L)

	
2.0

	
<LQ

	
32.5

	
212.3

	
40.8




	
Retene (ng/L)

	
2.0

	
<LQ

	
104.9

	
170.7

	
19.8




	
B(e)P (ng/L)

	
2.0

	
<LQ

	
7.5

	
306.3

	
50.4




	
B(j)F (ng/L)

	
20.0

	
<LQ

	
<LQ

	
106.3

	
<LQ




	
B(b)F (ng/L)

	
2.0

	
<LQ

	
34.6

	
259.6

	
5.8




	
B(k)F (ng/L)

	
2.0

	
<LQ

	
8.3

	
81.0

	
8.2




	
B(a)P (ng/L)

	
2.0

	
<LQ

	
13.0

	
163.9

	
20.8




	
D(a.h)A (ng/L)

	
2.0

	
<LQ

	
<LQ

	
36.7

	
4.5




	
benzo(ghi)P (ng/L)

	
2.0

	
<LQ

	
13.3

	
169.6

	
4.1




	
Indèno (ng/L)

	
4.0

	
<LQ

	
35.2

	
162.1

	
11.8




	
Coronene (ng/L)

	
2.0

	
<LQ

	
4.0

	
54.0

	
<LQ











 





Table 4. Analysis of 7 common carbonates used as electrolytes in the water before application and in the three samples after extinguishing. QL = quantification limit.
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	Species
	QL
	Reference
	Test 1

(Module A)
	Test 2

(Module A)
	Test 3

(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 5. pH of the extinguishing water. (Expanded: k = 2) uncertainty of measurement is 1%.
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	Test 1

(Module A)
	Test 2

(Module A)
	Test 3

(Module B)





	pH
	5.2
	5.9
	11










 





Table 6. pH limit values in different local regulations.
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	pH Limit Values
	Drinkable Water
	Industrial Effluent Value for Discharge in Sewage Systems





	EPA [27] (USA)
	6.5 to 9
	



	Canada [28,29]
	7 to 10.5
	6–9



	Switzerland [16,17]
	6.8 to 8.2
	6.5 to 9










 





Table 7. Extrapolation of the experimental results to a real application and extinguishing. The last column presents the PNEC of the compound when available on ECHA website [36].
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	Substance
	Test 1

(Module A)
	Test 2

(Module A)
	Test 3

(Module B)
	PNEC Freshwater





	Al (mg/L)
	8.7
	5.9
	6.2
	-



	Co (mg/L)
	0.05
	2.6
	0.6
	0.00106



	Cu (mg/L)
	0.04
	0.05
	0.3
	0.0063



	Fe (mg/L)
	
	Test 1

(module A)
	Test 2

(module A)
	Test 3

(module B)



	Li (mg/L)
	pH
	5.2
	5.9
	11



	Mn (mg/L)
	0.1
	3.4
	0.5
	0.034



	Na (mg/L)
	1.8
	3.3
	2.2
	-



	Ni (mg/L)
	0.4
	9.8
	3.3
	-



	P (mg/L)
	23.5
	22.6
	0.5
	-



	Fluorides (mg/L)
	16.6
	18.3
	7.8
	0.89



	Chlorides (mg/L)
	3.9
	7.3
	16.9
	-



	EMC (mg/L)
	16.1
	11.8
	n/a
	0.062



	EC (mg/L)
	126.2
	92.2
	n/a
	5.9



	Naphthalene (mg/L)
	0.00015
	0.00056
	0.00026
	0.0024
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