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Abstract

:

Battery safety is a prominent concern for the deployment of electric vehicles (EVs). The battery powering an EV contains highly energetic active materials and flammable organic electrolytes. Usually, an EV battery catches fire due to its thermal runaway, either immediately at the time of the accident or can take a while to gain enough heat to ignite the battery chemicals. There are numerous battery abuse testing standards and regulations available globally. Therefore, battery manufacturers are always in dilemma to choose the safest one. Henceforth, to find the optimal outcome of these two major issues, six standards (SAE J2464:2009, GB/T 31485-2015:2015, FreedomCAR:2006, ISO 12405-3:2014, IEC 62660-2:2010, and SAND2017-6295:2017) and two regulations (UN/ECE-R100.02:2013 and GTR 20:2018), that are followed by more than fifty countries in the world, are investigated in terms of their abuse battery testing conditions (crush test). This research proves that there is a need for (a) augmenting these standards and regulations as they do not consider real-life vehicle crash scenarios, and (b) one harmonised framework should be developed, which can be adopted worldwide. These outcomes will solve the battery manufacturers dilemma and will also increase the safety of EV consumers.
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1. Introduction


To realize a sustainable energy supply, researchers seek to substitute the use of traditional fossil fuels with clean and renewable energy resources. One of the potential solutions is to move from internal combustion engine (ICE) vehicles, i.e., gasoline vehicles, to vehicles that are powered by electricity, or alternative fuels like biofuels, hydrogen, liquefied natural gas (LNG), compressed natural gas (CNG), or hybrid vehicles (a combination of the aforementioned fuels) [1,2,3]. However, research has demonstrated that vehicles powered by electricity, i.e., electric vehicles (EVs) are the most effective solution [4,5,6,7,8,9]. These can reduce environmental pollution and will subsequently help to avoid global warming and climate change [10,11,12,13].



In recent years, globally the automotive industry has noticed a significant deployment of EVs in the market [3,14,15]. For example, in the year 2018, Europe (EU) attained more than one million EVs in the market [16]. Numerous researchers from a companies such as Shell Deutschland and Prognos AG including academicians such as Kugler et al. predicted the increment in the future sales of EVs [17,18]. This increment is not only due to technological advancement but is also policy-driven, as mentioned in the report of “Global EV Outlook 2020” [19]. As per the International Energy Agency (IEA), there will be 125 million EVs around the world by the year 2030 [20], and similar further information regarding the prediction and the future stock of EVs in Germany was researched by Machuca et al. and Kahn [14,21].



According to Spielbauer et. al., it is anticipated that the battery fire incidents and the severity of such incidents will increase in the future due to, (a) the rise in energy density of the new cells that are being developed, and (b) an increasing demand of EVs and the batteries that are used within EVs [22]. According to Wang et al., Kubjatko, Goodman et al. and Pan et al. EVs facing an accident can mechanically deform, malfunction, or can completely fail [23,24,25] the battery. Some of the primary reasons that can cause battery failure are [26]:




	1.

	
Internal cell short circuit: This kind of severe event can happen abruptly and without any pre-warning. Zhao et. al. and Larsson found that this event can occur because of multiple reasons such as mechanical deformation or manufacturing faults. They also noticed that another reason for an internal short circuit can be the dendrite formation within the cells [27,28]. According to Ahlberg Tidblad [29], this is a particularly disturbing cause because this type of failure occurs in batteries that are complied with industry standards;




	2.

	
Mechanical deformation and impact: This cause can easily initiate an internal short circuit which consequently leads to a fire. Acute deformation can be due to certain types of crashes or ground surface conditions. Zhu et al. noted that battery packs are susceptible to penetration due to side collisions and road debris impacts [30]. The research conducted by Trattnig and Leitgeb [31] showed that the absolute scenario in a car crash can be the amalgamation of leaking fluid or gases near ignition sources like electrical arcs and/or hot surfaces;




	3.

	
Charge: The purpose for which the batteries are tailored is to collect a specific amount of energy over a definite period of time. In the instances where limits are surpassed, due to rapid charging or overcharging, the battery performance can degrade, or it can even fail completely [26];




	4.

	
Discharge: Over discharge occurs when the battery cells are discharged below their manufacturer recommended minimum voltage. During this process, the conductive copper particles are released in the electrolyte, which consequently leads to an internal short circuit of the battery. Usually, battery safety systems are there to stop such situations. However, if such a safety system fails or the battery is abused, there is a possibility of battery failure [32];




	5.

	
External short circuit: This type of the short circuit also falls under the category of an electric abuse, which can easily destabilise the battery. An external short circuit happens when the battery faces an impact and/or deformation [26];




	6.

	
High-temperature exposure: In real-time applications, the battery needs to be cooled during its operation: however, if the ambient temperature is higher than the internal temperature, battery decomposition mechanisms are triggered causing the battery to produce extreme levels of heat. This high level of heat can result in an internal short circuit or thermal runaway, which consequently reduces the safety margin [26];




	7.

	
Thermal runaway: In a battery, when exothermic chemical reactions are producing more heat than is being dissipated, it enters the thermal runaway condition. In case of severe accidents, because of thermal runaway, the battery can emit heat/fumes, catch fire, or in a worst-case scenario explode [6,24,33,34,35,36].









There are negligible data available in relation to the incidences of EV fires; however, according to Norwegian insurance companies, a study conducted by [26] the percentage of EV fire accidents is approximate 4.8%, out of the total number of vehicle fire accidents. Moreover, Gehandler et al. [37] found that on an average one vehicle fire that occurs every year during battery charging in multistorey car parking or big garages. Some of such catastrophic battery incidents around the world are presented in Table 1.



Based on the analysis (causes and comments) of Table 1 and by [27,69,70,71], it can be said that EV batteries are prone to failure in the case of accidents, i.e., there is a risk of the battery catching fire immediately after the accident, or it can have a delayed event. Thus, it is important to develop a safer and reliable battery, i.e., correlated risks can be managed to achieve a suitable level of safety on which the consumer can rely [72,73,74,75]. To develop such a battery, several regulatory bodies around the world have developed various battery standards and regulations (as mentioned in Section 2). These standards and regulations have a variety of testing procedures known as abuse tests. These abuse testing procedures have various testing conditions and parameters within them to test the batteries. One of such abuse tests is known as the crush test, which is used in this study along with its variety of conditions and parameters from the selected standards and a regulation to justify the need for augmentation and harmonisation (refer Section 3). Further, Section 4 discusses the findings and concludes this research. Overall, based on the authors’ knowledge this study is distinct because there is no single literature available that provides a review of numerous standards and regulations with a justification of augmenting and harmonising the standards and regulations along with suggestions and future work.




2. Standards and Regulations


Standards and regulations can be considered as the foundation for the advancement and progress of products such as EV batteries. There are numerous standards and regulations developed at European, international, and national levels. For example, at the National level, there are many countries such as the United States of America (USA), Korea and India that have their own standards such as FreedomCAR:2006, KMVSS18-3 and AIS-048 respectively. Similarly, The United Nations Economic Commission for Europe (UNECE) developed regulations such as GTR No. 20 and UNECE R100. However, some of the exemplary EV battery standards and regulations are only explained in this section [76].



2.1. Standards


A standard is a guiding document that covers the technical aspects of the product and presents a way of repeating something. These are framed with the help of product relevant parties such as manufacturers, products, processes, services, and consumers [77].



2.1.1. European


According to the European regulation 1025/2012, European standards are developed by European standards organizations (ESOs) such as the European Committee for Standardisation (CEN) and the European Committee for Electrotechnical Standardization (CENELEC). The standards by CEN and CENLEC are developed by the Technical Committee (TC), the team of experts accountable for building the standards in a specific sector. Each TC has a defined scope, within which the identified standards are developed. For large programs of work, a subcommittee is usually established within a TC [78,79].



European Committee for Standardisation (CEN): CEN brings together the National Standardization Bodies of thirty-four European countries and is responsible for defining and building standards, and other technical documents concerning various kinds of materials, processes, products and services at the European level. In addition, CEN also produces other documents, such as technical specifications, reports, and workshop agreements [80].



European Committee for Electrotechnical Standardization (CENELEC): It is one of the technical organizations responsible for standardization in the electrotechnical engineering field that works on a non-profit basis. It supports the development of the Single European Market by facilitating trade between countries and cutting the compliance costs [81,82].



It is worthwhile to note here that CENLEC is also referred to as CLC in some documents and the designed standards. The TCs from CEN and CENLEC that are involved in the developments of EV standards are, (a) CEN/TC 301, “road vehicles”; (b) CLC/TC 69X, “Electric systems for electric road vehicles”; (c) CLC/TC 23BX, “switches, boxes and enclosures for household and similar purposes, plugs and socket-outlets for direct-current (DC) and for the charging of EVs including their connectors”; and (d) CLC/TC 64, “electrical installations and protection against electric shock” [83].




2.1.2. International


International Organisation for Standardisation (ISO): It is an autonomous, non-governmental international organization consisting of 165 national standards bodies including Europe. CEN made an agreement in the year 1991 for technical co-operation with the ISO, which is known as the Vienna Agreement. This was framed to prevent duplication of efforts and decrease time for developing standards. Exemplary TCs are, (a) ISO/TC 22, “road vehicles”; (b) ISO/TC 22/SC 37, “electrically propelled vehicles”; and (c) ISO/TC 22/SC 38, “motorcycles and mopeds”. With the help of experts in TCs of European and international organisations, standards such as ISO 12405-3:2014 “electrically propelled road vehicles—test specification for lithium-ion traction battery packs and system” [84] are developed for vehicles (including EVs). This standard is helpful to vehicle manufacturers as it specifies the test procedure and the related safety requirements for the traction battery developed especially for the propulsion of road vehicles [85,86].



International Electrotechnical Commission (IEC): IEC was founded in the year 1906 for the development and publication of international standards for electrotechnology (combination of all electrical, electronic, and related technologies). It brings together more than 170 countries and provides a global, neutral, and independent standardization platform. IEC and CENLEC work together towards European and international standards building activities in the electrical division. Both organizations agreed to the framework in the year 1996, known as the Dresden Agreement. After 20 years of a fruitful partnership both organizations signed another agreement, known as the Frankfurt Agreement in the year 2016. Some of the exemplary TCs are, (a) IEC TC 21, “secondary cells and batteries”; (b) IEC TC 21/SC 21A, “secondary cells and batteries containing alkaline or other non-acid electrolytes”; (c) IEC TC 69, “electric road vehicles and electric industrial trucks”; (d) IEC TC 21/PT 62984, “secondary high-temperature cells and batteries”; and (e) IEC JWG 69 Li TC21/SC 21A/TC69, “lithium for automobile/automotive applications”. A standard developed by them is IEC 62660-2:2010, “secondary lithium-ion cells for the propulsion of electric road vehicles” [87], which describes the testing procedure to identify the reliability and abuse behaviour of the secondary lithium-ion cells that are used in EVs as well as in hybrid electric vehicles (HEVs) and battery electric vehicles (BEVs) [85,87,88].



Society of Automotive Engineers International (SAE): SAE is a USA based association and is a global association. SAE has more than 128,000 engineers and technical experts in the fields of automotive, commercial-vehicle and aerospace. Some of the TCs are, (a) Vehicle Battery Standards Steering, (b) Hybrid-EV Steering, (c) Battery Safety Standards, (d) Battery Standards Testing, (e) Battery Standards Recycling (f) Secondary Battery Use. One of the standards developed by such TCs is SAE J2464:2009 electric and hybrid electric vehicle rechargeable energy storage system (RESS) Safety and Abuse Testing [89]. It defines numerous tests, that are used to carry out the abuse testing of EVs, HEVs, and RESS, to identify the response of electrical energy storage and control systems to the incidents and situations that are outside their normal operating range [89]. Abuse test procedures detailed in this report comprise of a wide range of vehicle applications, including information related to electrical energy storage devices, RESS cells (batteries or capacitors), modules, and packs.




2.1.3. National


Standardization Administration of China (SAC): SAC makes standards for EV manufacturers, traction battery companies, electric machine companies, electric motorcycle companies, and areas such as passive safety of EVs in the countries such as Canada, Japan, Korea, and Germany. An exemplary TC is SAC/TC114/SC27 National Technical Committee of Auto Standardization Subcommittee Electric Vehicle and one of the standards developed is GB/T 31485-2015:2015, “safety requirements and test methods for traction battery of electric vehicle” [40]. This Standard specifies the safety requirements, testing methods, and inspection rules of traction batteries intended for EVs [90].



The United States Department of Energy (DoE): DoE mainly deals with the development of manuals for battery durability assessment. A list of manuals and their detailed description can be found in the technical report prepared by the Joint Research Centre (JRC) [91]. For the development of such manuals, DoE deals with organisations such as the United States Advanced Battery Consortium (USABC), Argonne National Laboratory (ANL), Idaho National Engineering Laboratory (INEL), Idaho National Engineering and Environmental Laboratory (INEEL), and Sandia National Laboratory (SNL). One of the standards developed under DoE with guidance by Sandia National Laboratories for the United States Department of Energy’s National Nuclear Security Administration is FreedomCAR:2006 Electrical Energy Storage System (EESS) Abuse Test Manual for Electric and Hybrid Electric Vehicle Applications [92]. The scope of this standard is to define tests that are used for abuse testing of, EESS for EV and HEV applications. This testing determines the response of a given EESS design based on a variety of test conditions [92].





2.2. Regulations


Regulations are the comprehensive set of instructions that helps to ensure uniform implementation of laws and hence are also regularly known as rules or administrative laws, i.e., they have the force of law which makes their implementation obligatory [93]. A detailed definition of regulation and information regarding how the regulations are made is explained by the International Light Transportation Vehicle Association (ILTVA) at [94].



2.2.1. European


European Chemical Agency (ECHA): The main purpose of the ECHA is the safe use of chemicals in a variety of applications such as EV batteries, i.e., regulates the chemicals and biocides usage in the EU market. It processes chemical related files from the industry and examines them to see if they comply with legislation. Together with the European Union national governments, it focuses on the most hazardous substances and undertakes analysis on the cases where further risk management might be needed to protect people and the environment. Depending on the risk identified from chemicals, it takes its own decisions, and in some cases, it provides opinions and advice to help the European Commission make the correct decision [95]. Exemplary regulations developed by ECHA are, (a) Regulation on the Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH) [96], and (b) the Battery Directive [97].




2.2.2. International


United Nations Economic Commission for Europe (UNECE): It was formed in the year 1947 by The United Nations Economic and Social Council (ECOSOC). It includes fifty-six member States in Europe, North America, and Asia. The regulations developed are UNECE R100, battery electric vehicle safety [98] and encompasses the variety of safety tests such as mechanical, fire, thermal, mechanical, vibration and shock (UNECE, 2019); and GTR 20, “Global Technical Regulation on the Electric Vehicle Safety (EVS)” [27].




2.2.3. National


National Highway Traffic Safety Administration (NHTSA): It legalizes the safety of vehicles and related equipment’s, i.e., which includes EVs and their batteries in the United States (US). The agency enforces vehicle performance standards with the help of state and local governments to reduce injuries, deaths, and economic loss from vehicle crashes. It issues the Federal Motor Vehicle Safety Standards (FMVSS) to implement laws from the government [70,99]. One of the laws administrated by the NHTSA is the Motor Safety Vehicle, to save people from the risk of injuries or death happening due to design, construction and performance of vehicle [100].






3. Abuse Testing: Crush Test


While introducing EVs in the market, the manufacturers must show that the vehicle and its components match the safety limits assigned by the regulatory bodies. The battery is one of such components that is considered as a primary source of hazard for EV consumers [101] and hence, it needs to undergo rigorous safety tests before introducing EVs into the market [102]. Standards are usually considered as good practice documents. If the standard is not followed then the product manufacturer should justify the different route chosen [103].



It is important to note that standards encompass a variety of aims and objectives. A specific standard can have the combination of many objectives such as design, performance test, safety design, safety test, environmental protection, classification, and recommendation [103]. For example, FreedomCAR:2006 [92] and SAE J2464:2009 [89] help to investigate and gather the battery response under severe conditions, i.e., outside the normal operating range, for manufacturers to examine the battery system design failure. On the other hand, standards such as ISO 12405-3:2014 [84] and IEC 62660-2:2010 [87] provide the detailed test procedure to observe the reliability of the battery and also specifies the acceptable safety requirements.



Figure 1 provides an overview of the standard abuse tests, categorised as per the nature of the test conducted and misuse (electrical, chemical, thermal and mechanical). The tests are conducted either on the cell, module, or pack level depending on the respective standard or regulation. Underwriter laboratories have detailed information on each of these abuse tests [104]. The crash/crush test was marked green as this article focuses on this test.



Despite having such a wide variety of abuse tests, EV batteries might catch fire after an accident, i.e., either immediately or erstwhile [22,105]. It was forecasted by Machuca et al. that such incidents can go up to 135,000 vehicles/year by the year 2030 [14]. The detailed information on battery incidents and handling such incidents are elaborated by [106]. Considering this forecast and the number/examples of accidents that have happened so far, it can be said that the crush test should be paid more attention and should be investigated in depth [22]. Therefore, from here onwards, this research investigates the crush test and its relevant parameters. The standards and the regulations selected are, SAE J2464:2009 [89], GB/T 31485-2015:2015 [90], FreedomCAR:2006 [92], ISO 12405-3:2014 [84], IEC 62662-2:2010 [87], SAND2017-6925:2017 [107], UN/ECE-R100.02:2013 [98] and, GTR 20:2018 [108] as these are followed by more than fifty countries.



3.1. Procedure


There are numerous battery testing standards and regulations in the market that helps the manufacturer to design the battery system and introduce them in the market. The testing methods described in these standards and regulations help in accessing the performance and safety of the battery system but are not always pertinent.



The general procedure to carry out a crush test on a test device (TD), i.e., cell, module, or pack is to place it on an electrically isolated plate/support and then apply a specific crushing force by using a textured movable plate known as a crusher. However, it is worthwhile to note that the testing conditions differ in each standard and regulation. For example, SAE J2464:2009 [89] set the condition that the TD should be crushed until the initial dimension of TD reduces to 85%, then hold it there for 5 min, followed by a crush until its initial dimension reduces to 50%, or until the force reaches 1000 × weight of TD, while GB/T 31485-2015:2015 [90] states that the TD, i.e., cell voltage falls to 0 V or the deformation and force reaches 30% and 200 kN (refer Table 2). Similarly, the TD (module and pack) should be crushed until one of the following conditions occur, (a) the TD reaches 70% of the initial dimension, or (b) the crushing force reaches 1000 × weight of TD, or a specific unit as per Table 3, whichever is higher.



According to FreedomCAR:2006 [92], the TD must be crushed to 85% of its initial height and then be on hold for 5 min, followed by further crushing of the TD until 50% of its initial height or until the force becomes 1000 times the TDs mass [109]. While as per UN/ECE-R100.02:2013 [98], the TD is crushed until the minimum force of 100 kN, but not more than 105 kN, and the acceptance criteria are that the TD should not catch fire, explode or show signs of electrolyte leakage. Similarly, GTR 20:2018 also states that the crushing force shall be between 100 kN to 105 kN [108].



The amount of force required, as per ISO 12405-3:2014 [84] is similar to UN/ECE-R100.02:2013 [98] and is within the range of 100 kN to 105 kN. However, in ISO 12405-3:2014 [84], the manufacturers can test as per the force expected during a vehicle crash, while UN/ECE-R100.02:2013 [98] approves testing only at a higher crush force, at the request of the manufacturers. SAND2017-6925:2017 [107] specifies that the cells should be crushed until the specified conditions are met, (a) the force reaches the limit of 25 kN, (b) the impactor reaches 100% deformation and the hazard safety level (HSL) is greater than or equal to 5. For module and pack testing, the criteria are the same except that nothing is specified in regards to force.



In terms of IEC 62660-2:2010 [87], the test is continued until the voltage drop of one-third of the initial cell voltage or the crushing force is 1000 × weight of TD. If the TD is deformed 15% or more of its initial dimension, before the above condition occurs, then the force should be released.




3.2. Crush Speed


The crushing speed is one of the important factors that is historically used to investigate the mechanical deformation of the battery, which consequently determines the short circuit range. Joshua Lamb et al. showed that as the crushing speed changes the value of force required for cell failure and the intrusion within the cell for failure changes as well [110]. They demonstrated that for the speed of 0.1 mm/s the force and intrusion required for failure were around 45 kN and 4.5 mm, while for 10 mm/s it was 50 kN and more than 5.5 mm [110]. Hu et al. also concluded that the crushing speed has a significant influence on the failure behaviour of the batteries [111]. The difference in the crushing speed that can be seen in the standards and regulations is thus of great importance. For cell level testing, SAE J2464:2009 [89] recommends the speed from 0.5 mm/min to 1 mm/min, while SAND2017-6925:2017 [107] and GB/T 31485-2015:2015 [90] recommends at 1 mm/min and 300 ± 60 mm/min, respectively. This recommendation by SAND2017-6925:2017 [107] and GB/T 31485-2015:2015 [90] stays the same for module and pack level testing as well. However, SAEJ2464:2009 [89] suggests that for the module and pack level, the impactor speed should be 5 mm/min to 10 mm/min. Henceforth, it can be noticed that there is a drastic speed difference at module and pack level for all three standards. It is also worth noticing here that ISO 12405-3:2014 [84], IEC 62660-2:2010 [87], FreedomCAR:2006 [92], UN/ECE-R100.02:2013 [98] and, GTR 20:2018 [108] do not mention anything about the impactor speed (refer Table 4).




3.3. State of Charge (SoC)


According to Wang et al. the SoC has a significant effect on the volume of the cell-active particle and mechanical properties and their value changes depending on SoC; thus, understanding SoC-based mechanical behaviour of LIB cells becomes crucial [23]. From Table 5 it can be seen that the SoC level (100% of TD) is the same for SAE J2464:2009 [89], FreedomCAR:2006 [92], SAND2017-6925:2017 [107], and GB/T 31485-2015:2015 [90], but UN/ECE-R100.02:2013 [98], ISO 12405-3:2014 [84] and IEC 62660-2:2010 [87] have their own specific criteria. For example, as per UN/ECE-R100.02:2013 [98], the SoC should not be in the lower 50% of the normal operating range of the TD, which is also recommended by ISO 12405-3:2014 [84] for high power (HP) application. However, for high energy (HE) application, ISO 12405-3:2014 [84] suggests that the SoC should be taken as the maximum SoC of the normal operation. In IEC 62660-2:2010 [87] the SoC requirement is categorized based on vehicle type, i.e., for BEVs SoC should be 100%, while for HEVs it should be 80%. GTR 20:2018 [108] states that the TD shall be charged to 100% SoC.




3.4. Press Position


Press position is significantly one of the important parameters that need to be considered while testing the cells, module, or pack. The exponent conducted the crush test at different orientations (perpendicular to electrode surfaces, electrode edges, etc.) and exhibited diversity in the results for the distinctive orientation [112]. Hence, it can be said that examining the multiple press position is important during battery testing.



Based on the analysis of the selected standards and regulations, it is found that SAE J2464:2009 [89] and FreedomCAR:2006 [92] only state that the test should be performed at a vulnerable location.



UN/ECE-R100.02:2013 [98] and GTR 20:2018 [108] allows the manufacturers and technical services to agree upon the plate position by taking into account the TDs travel direction relative to its installation in the vehicle. The force needs to be applied perpendicular and horizontally to the direction of travel of the rechargeable energy storage system (REESS) [113].



GB/T 31485-2015:2015 [90] for cell crush testing requires to “apply load in the direction perpendicular to the polar plate of battery”; however, the polar plates are not clearly identified or explained in the standard and a figure for the guidance is available such as Figure 2. For module crush testing, the direction of crush should be the “same as the direction where the battery module is most highly susceptible to crushing on the layout of the whole vehicle. If the direction where the battery module is most highly susceptible to crushing is not available, then pressure shall be exerted vertically to the arrangement direction of secondary cells” (refer Figure 3).



According to IEC 62660-2:2010 [87], the cell’s positive and negative electrodes are faced perpendicularly to the crushing force. As per ISO 12405-3:2014 [84], the battery is oriented similarly as it is positioned in the vehicle and the impactors’ cylinder axis is arranged vertically to the battery. The centre of the impactor must be aligned with the centre of the TDs projected plane, that is, perpendicular to the direction of the crush.



As per SAND2017-6925:2017 [107], the module and pack are crushed between the impactor and the flat plate at the most vulnerable location. The cylindrical cells are crushed along the transverse axis. The prismatic and pouch cells are crushed in Y- and Z-orientation (refer Figure 4). The Y-orientation depicts the crush direction into the positive and negative terminal and the Z-orientation depicts crushing perpendicular to the terminals. The cell is crushed in a fixture that mechanically supports the cell and replicates the constrained cell within the module (refer Figure 5). The crush in X-orientation should be performed like the module and pack testing.




3.5. Crusher Shape and Dimensions


As per the experimental research conducted by Li et al. on the cells, the outcome found was that the smaller the diameter of the hemispherical impactor/punch, the earlier is the start of the internal short circuit [33]. It was also recorded that the relative intrusion at the beginning of the internal short circuit was highest for a 24 mm diameter hemisphere followed by 12 mm and 6 mm for pouch cells (20 Ah commercial lithium iron phosphate (LFP) pouch cell, i.e., L = 8.27 in, W = 4.33 in, T = 0.45 in). Likewise, Sahraei et al. observed a similar trend during the experiments with hemispherical punches of the diameters of 44.45 mm, 28.575 mm, and 12.7 mm. They also concluded that, as the size of the crusher increases, the force value increases for the same amount of intrusion [114]. The cells used were small (740 mAh of L = 2.34 in, W = 1.34 in, T = 0.21 in), medium (3.2 Ah of L = 5.10 in, W = 1.71 in, T = 0.32 in) and large (19.5 Ah of L = 8.94 in, W = 6.30 in, T = 0.29 in) pouch cells [114].



As per the selected standards and regulations, to crush the battery module and pack, the shape/design of the impactor (also known as crush plate or textured plate) remains constant for UN/ECE-R100.02:2013 [98], SAE J2464:2009 [89], ISO 12405-3:2014 [84], GTR 20:2018 [108] and FreedomCAR:2006 [92] (refer Figure 6). However, the dimension of the plate, i.e., diameter of the semi-cylinder and the length (L), width (W), and height (H) of the plate vary as per each standard and the regulation.



For example, UN/ECE-R100.02:2013 [98] and GTR 20:2018 [108] specifies that the radius of the semi-cylinder should be 75 mm with a spacing of 30 mm between each semi-cylinder and the overall plate size should not exceed 600 × 600 mm. While, FreedomCAR:2006 [92] states the same for the semi-cylinders’ dimensions, but does not mention anything about the size of the plate. For ISO 12405-3:2014 [84], the semi-cylinder length should be more than the edge of TD by a minimum of 50 mm on each side. SAE J2464:2009 [89] requires the diameter of the semi-cylinder to be equivalent to the smallest dimension of the TD and the number of semi-cylinders including the spacing between them must be enough to cover the whole span of the area of TD where the short circuit can occur. GB/T 31485-2015:2015 [90] specifies that the semi-cylinder must have a 75 mm radius (R) and the length of the impactor must be greater than the size of the TD (refer Figure 3) but not more than 1 m. On the other hand, IEC 62660-2:2010 [87] does not specify any information about the battery module or pack testing, i.e., it only provides information about cell testing. SAND 2017-6925:2017 [107] specifies that the crusher plate should have only a single semi-cylindrical impactor of 75 mm radius and must be located at the centre of the plate as represented in Figure 7.



For cell testing, GB/T 31485-2015:2015 [90] specifies that the semi-cylindrical impactor should have a radius of 75 mm and the length should be more than the dimension of the cell (see Figure 2), while FreedomCAR:2006 [92] and SAE J2464:2009 [89], state that the dimension of the cylindrical impactor should be equivalent to half of the TD average diameter or the diameter of the cells respectively (refer Figure 8). IEC 62660-2:2010 [87] recommends crushing the prismatic cell and cylindrical cell with a spherical or hemispherical impactor (refer Figure 9) and a round impactor (refer Figure 8) of 75 mm radius. As per SAND 2017-6925:2017 [107], cylindrical cells shall be crushed using the impactor (refer Figure 8) of diameter as stated in Table 6. The prismatic and pouch cells are crushed using the impactor having a semi-circular shape with a rectangular base (refer Figure 10). The diameter of the semi-circle must be decided based on the cell width as mentioned in Table 7. The length and width of the impactor used for crush is equal to the length and width of TD respectively and height shall be adequate to achieve 100% intrusion within TD. However, UN/ECE-R100.02:2013 [98] and ISO 12405-3:2014 [84] do not specify anything regarding the shape and size of the impactor used for the cell crush test.




3.6. Number of Testing Samples


Battery testing is an expensive process because once a crush test is performed on a TD, they are not allowed to be used for another testing [115]. In the case of SAE J2464:2009 [89], it is mentioned that the TD should be tested for at least two different axes (out of three axes, X, Y and Z) using a different TD for each test. While, FreedomCAR:2006 [92] states that at least one TD needs to be tested and if more TDs are available, then the testing should be performed at multiple axes, and crushing without containment boxes is recommended. GB/T 31485-2015:2015 [90] states that two samples must be tested for cells and one sample in case of module and pack. However, SAND2017-6925:2017 [107] states that four cells and two modules or packs should all be tested. According to ISO 12405-3:2014 [84], the crush axes should be based on a vehicle’s crash test mentioned in the regional and national regulations and as specified by the manufacturers. However, if the regulations are missing, then the axes need to be defined by the manufacturers. However, UN/ECE-R100.02:2013 [98], IEC 62660-2:2010 [87] and GTR 20:2018 [108] do not specify the number of samples to be tested (refer Table 8).





4. Results and Discussion


To ensure the safety of EVs and their batteries, various standards and regulations have been developed by regulatory bodies around the world. Manufacturers must follow the regulations before introducing the vehicles to the market. To attain the conditions mentioned in the regulations, manufacturers are recommended to follow the regional accepted standards. These standards can be such as FreedomCAR:2006 [92] and SAE J2464:2009 [89] which help them to investigate the battery system design and others such as ISO 12405-3:2014 [84] and IEC 62660-2:2010 [87] which provide the acceptable safety requirements. Both types of standards are very useful and can help to achieve a good level of safety.



Despite such supportive standards and rigorous regulations developed by the regulatory bodies, there were several incidents noticed in which EVs caught fire after accidents and possessed a high risk for consumers. Companies such as General Motors, BMW, and Audi had to recall their EVs from the market as there was a risk from the batteries installed in their respective car models. Therefore, the question to ponder is, whether the tests conducted are right and enough for EV batteries.



Similarly, another question to think about is the number of test samples during the approval of the battery, because the TD used once in testing cannot be reused for another test, which makes testing an expensive endeavour. For example, FreedomCAR:2006 [92] recommends having at least one sample, SAE J2464:2009 [89] recommends testing two samples, GB/T 31485-2015:2015 [40] states that there should be two samples for cell and one sample for a module and pack, while ISO 12405-3:2014 [84] states that the number of samples should be decided based on vehicle crash tests. Such ambiguity is challenging for manufacturers because this increases the cost of tests, subsequently increasing the cost of EVs and it does not reflect the certainty in terms of safety of the EV consumer. A similar situation of imprecise information is in the below-mentioned areas as well:




	1.

	
Procedure: The primary aspect of all the abuse tests is to define the stop criteria where the test limits are reached, and the testing can be stopped. After analysing the selected standards and regulations, it is found that there is a significant difference in the overall procedure as well as the criteria such as force, voltage, deformation, and HSL. For example, SAE J2464:2009 [89] has a simple procedure in which the formula is to multiply the weight of TD with the constant value of 1000. The same formula is also adopted by FreedomCAR:2006 [92], but with an additional deformation parameter which is equal to 50%. Comparing these with ISO 12405-3:2014 [84], UN/ECE-R100.02:2013 [98], and GTR 20:2018 [108], it is found that the force should be between 100 kN and 105 kN and does not consider the deformation. While on the other hand, IEC 62660-2:2010 [87] and GB/T 31485-2015:2015 [90] consider the voltage as an additional parameter to force and deformation. SAND 2017-6925:2017 [107] takes this one step further by providing HSL limits as well to stop the tests.



Therefore, it can be said that there is some degree of commonality between standards such as SAE andFreedomCAR:2006, but when all the selected standards and regulations are compared with each other, it is fair to say that the manufacturers face challenges to decide which standard or regulation needs to be followed as they all have a variety of procedures and stop criteria parameters;




	2.

	
Crushing Speed: It is a well-known fact that the deformation of the cell differs from the battery module or pack. The failure of the battery module or pack is induced by the non-uniform deformation inside each cell that generates a vulnerable zone near the gap among cells. From Section 3.2 it can be seen that the standards and regulations differ significantly, as the impactor speed for cells ranges from 0.5 mm/min as stated in the SAE J2464:2009 [89] to 360 mm/min as per GB/T 31485-2015:2015 [90]. In terms of module and pack level testing, the impactor speed ranges from 1 mm/min to 360 mm/min. On the other hand, some of the standards such as ISO 12405-3:2014 [84], IEC 62660-2:2010 [87] FreedomCAR:2006 [92], GTR 20:2018 [108] and, UN/ECE-R100.02:2013 [98] have not provided any information regarding the impactor speed.



Moreover, all the standards and regulations are based on quasi-static testing (impactor is forced on the battery) and do not undertake the realistic dynamic situation where the EV carrying battery can crush with other vehicles, i.e., other vehicles can be compared with an impactor in such a situation. Under a quasi-static situation, homogeneous deformation can be noticed within the packed batteries and battery failure distribution is in a random pattern. Conversely, in the case of dynamic impact, row by row crushing of packed batteries can be observed with force concentrating at some certain rows that result in severe deterioration of the batteries under the equal crushing displacement, implicating higher failure risk. Based on the dynamic battery test, it was found that the crushing speed dominates the failure behaviour rather than crushing energy [111]. The failure displacement declines as the crushing speed exceed 1,200,000 mm/min. Kisters et al. also found that the crushing speed has a significant influence on the failure behaviour of the TD [116]. They experimentally evaluated that a high-speed crush test (300,000 mm/min) has a double-stage failure process with an insignificant voltage drop before the load reaches its maximum and a radical voltage drop to almost 0 V at the maximum load, while a low-speed crush test (6 mm/min) has a single-stage failure process with one sharp voltage drop to zero before reaching the maximum load.



Moreover, it is crucial to note that the absence of impactor crush speed value in some standards and regulations can yield inconclusive or discrepant results for quasi-static tests.



Henceforth, it can be said that the current standards and regulations need to be harmonised because (a) the currently available impactor crush speed values vary drastically from each other, as well as (b) the unavailability of these values in some standards and regulations can be inconclusive and cause discrepancy in the results. In addition, it is important to note that there is a need for a dynamic testing approach that resembles the real-time situation of the EV crash;




	3.

	
SoC: SoC performs a significant role in battery failure, hence, it becomes crucial to understand SoC-based mechanical behaviour while studying the crashworthiness of EV batteries, especially in the operation situation when the electrochemical cycle occurs and the SoC value is above zero [23]. Such differences in SoC values during the tests are of high relevance because Wang et al. found that the mechanical properties of a TD vary with its SoC [23]. Moreover, according to Wang et al. a TD faces mechanical hardening with an increase in SoC [10,23], thus increasing the amount of force required to achieve the same intrusion. Sheikh and Wang et al. observed that at a higher SoC, the voltage drop occurs at lower levels of intrusion [23,117].



Despite the SoC value having such importance, it can be seen from Section 3.3. that the value is mostly recommended to be 100% during the tests. One of the standards and regulations such as ISO 12405-3:2014 [84] and UN/ECE-R100.02:2013 [98] have their conditions, though, it does not provide a variety of SoC values under which the battery should be tested. IEC 62660-2:2010 [87] categorizes SoC for testing based on the vehicle type (BEV and HEV) and does not consider the range of SoCs over which the batteries shall be tested.



Henceforth, evaluating the standards and regulations against the literature, it can be said that there is a need for tests that undertake a variety of SoC values while approving the EV battery, i.e., rather than just doing the test as per one value (100% SoC);




	4.

	
Press position: Considering the press position while carrying out the crush test is of high importance. Maleki and Haward had carried out the research on various crush positions and demonstrated that the slight damage at the edge of the prismatic cell has a higher probability to lead to thermal runaway than crushing the cell at flat face [118]. The exponent observed similar behaviour during the testing. They represented that the mechanical deformation/damage at the edge of the cell has higher chances of thermal runaway compare with damage perpendicular to the electrode surface [112]. Thus, considering various press positions for testing becomes crucial.



The studies of the standards and regulations show that there is no clear information provided in terms of the exact location of the impactor that presses the cell, module, or pack, i.e., it can be anywhere, top, bottom, or centre (refer Figure 11). Moreover, some of the current standards such as SAE J2464:2009 [89], FreedomCAR:2006 [92], SAND2017-6925:2017 [107], and GB/T 31485-2015:2015 [90] are quite ambiguous as they only mention the “vulnerable” and “susceptible” position of the battery but do not define the position clearly. Similar ambiguity is noticed further in GB/T 31485-2015:2015 [90] in terms of polar plates which need to be considered while testing the cells, i.e., no description is provided about the polar plate.



Henceforth, it can be said that the information provided on the press position needs to be improved [113] and certainly the decision should not be left to the manufacturers and technical services as mentioned by UN/ECE-R100.02:2013 [98] and GTR 20:2018 [108]. Moreover, there should be some in-depth information considering cell, module, and pack level testing;




	5.

	
Crusher shape and dimensions: In terms of impactor shape/design, it was noticed that to test the battery module and pack, the shape of the impactor remains the same for GTR 20:2018 [108], FreedomCAR:2006 [92], SAE J2464:2009 [89], UN/ECE-R100.02:2013 [98] and ISO 12405-3:2014 [84], while SAND2017-6925:2017 [107] differs in terms of the number of semi-cylinders on the plate and IEC 62660-2:2010 [87] does not provide any such information. Though, it is worthwhile to note that IEC 62660-2:2010 [87] defines the shape/design of the impactor for a cylindrical cell which is similar to SAE J2464:2009 [89], SAND2017-6925:2017 [107], and FreedomCAR:2006 [92]. IEC 62660-2:2010 [87] and SAND2017-6925:2017 [107] also provide specific shape/design of the impactor for prismatic cells, whilst in GB/T 31485-2015:2015 [90] the impactor shape is completely different from all the standards and regulations. In regards to the dimensions of the impactor, it is different in all the selected standards and regulations.



Henceforth, the standards and regulations must have a clearly defined shape/design and the dimension of the impactor for testing cell, module, and pack for different types of batteries such as cylindrical and prismatic;




	6.

	
Number of testing samples: Multiple samples are needed for each test during the testing and in the majority of cases, the testing degrades the TD and therefore reusing the samples is not acceptable [115]. However, after considering the selected standards and regulation, it can be identified that standards such as SAE J2464:2009 [89] and FreedomCAR:2006 [92] overlap each other up to a certain extent but vary significantly in terms of the TD axes during the test. Comparing these two standards with GB/T 31485-2015:2015 [40] and SAND2017-6925:2017 [107], it is found that there is no clarity in terms of cell, module, or pack level testing samples. Considering the ISO 12405-3:2014 [84] standard there is a freedom to opt for the regional regulation but the axes should be defined by manufacturers which is certainly bewilderment for the manufacturers. In addition, UN/ECE-R100.02:2013 [98], IEC 62660-2:2010 [87] and, GTR 20:2018 [108] lack such information of sampling.



Henceforth, it can be said that despite the government and associated standards and regulations developing bodies being aware of the situation of confusion among the battery manufacturers along with the concept of increment in the cost linked with the number of test samples, there is no clear guidance for the manufacturers available.
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Figure 11. Point of contacts between impactor and TD from 3D view and front view, (a) top view; (b) bottom view; (c) centre view. 






Figure 11. Point of contacts between impactor and TD from 3D view and front view, (a) top view; (b) bottom view; (c) centre view.
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From the above points, it can be noticed that there is a need for the harmonisation of standards and regulations. Similar thoughts are also shared by Ruiz et al., Wech et al. and Justen and Schöneburg that a standard framework for battery testing can be used globally [113,119,120]. However, it is good that such a proposal was considered by the Global Technical Regulation on Electric Vehicle Safety [108] in the year 2018. Though, there is no significant development and impact that has been noticed since then at the market level. Therefore, it is important to take some further actions and implement them.



Moreover, along with the need for harmonising the current standards and regulations, there is also the need to augment them by considering real-life accident and crash scenarios. It was identified that in all these standards and the regulations, the battery is static and the crusher moves towards the TD, however, in real-life, the battery has a dynamic nature (as it is installed in the vehicle), which means that the battery is moving towards the impact zone. In real accidents, the loading of batteries occurs in two different ways:




	
Impact forces from the contact of the vehicle with the collision partner:



Here it is difficult to analyse the kind of collision and the impact severity. During the crash acceleration and specifically deceleration, values can be significantly high. For example, in a crash test carried out by the University of Zilinia, the deceleration of an accumulator mounted at the rear of the vehicle was approximately 500 m/s2 in an impact with a rigid concrete barrier at a speed of 54 km/h (refer Figure 12) [121]. In such a scenario, the batteries are dynamically loaded, and even if no mechanical damage is displayed on the surface of the battery, there is often internal damage that takes a relatively long time to show its effect;



	
The intrusion of the other parts or deformation of the battery:



In this case, the static test provides a good approximation of reality. The battery and vehicle construction play an vital role along with the placement of battery and fastening system [121].








In the case of severe crashes or impacts, it is a combination of both. Usually, accidents often have complicated sequences. In such events, the crash data recorder (CDR) storage systems can serve as a good indicator. It would be useful to develop a methodology for battery diagnostics associated with the CDR system and constantly improve it with the help of testing. Researchers such as Wech et al., Justen and Schöneburg also agree with this and have also demonstrated some discrepancies between the results obtained through dynamic against static tests [119,120].



Another concerning aspect is the comparability of results between the tests performed at the component level (on the cell, module, or pack) against the actual vehicles [58]. For example, in the latter case, the battery is protected by the battery enclosure and the chassis of the vehicle. Hence, the authenticity and reliability of the results obtained from a test conducted on a TD as per specific standards are in question.




5. Conclusions


Overall, after analysing multifarious standards and regulations, it can be concluded that energy storage in vehicles has always been associated with several risks. The combustion engine vehicles that are used in today’s world took several decades to reach current safety standards and a similar challenge of time consumption and technological advancement is currently faced by EVs. However, the development time can be significantly shortened by modern technologies, as well as experience from previous and ongoing research.



After analysing the selected standards and regulations, it was identified that the ambiguities need to be removed and clarity can be provided in terms of testing procedures that are dedicated for cell, module, and pack level testing. For example, Table 9 shows such ambiguity for the selected standards and regulations against the crush parameters such as procedure, crushing speed, SoC, press position, crusher shape and dimensions, and the number of testing samples at the cell, module and pack level. Moreover, further ambiguity needs to be resolved, such as the acceptance criteria mentioned in UN/ECE-R100.02:2013, which should also be mentioned by other standards and regulations.



Moreover, it is also concluded that (a) there is a scope of harmonisation of standards and regulations, and the current proposals should be investigated with priority and should be implemented in the market, and (b) augmentation can be performed by considering real-life vehicle crash scenarios, i.e., dynamic behaviour of the vehicle. Future works that can be performed are (a) the study of the impactor material, i.e., cell failure behaviour based on different impactor materials, and (b) comparison between the test outcomes, i.e., the impact of SoC on cell failure behaviour, carried out according to different standards and regulations. Altogether, it can be said if these steps are adopted then certainly battery and EV manufacturers will have significant ease during the manufacturing and approval processes and will also enhance the safety of EV consumers.
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Figure 1. Abuse tests for the battery as per different standards and regulations [73]. 
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Figure 2. Cell crush board as per GB/T 31485-2015:2015 [40]. 
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Figure 3. Module crush board as per GB/T 31485-2015:2015 [40]. 
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Figure 4. X-, Y- and Z-orientation of prismatic cell as per SAND2017-6925:2017 [107]. 
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Figure 5. Prismatic cell in the fixture and crushed along Z-orientation as per SAND2017-6925:2017 [107]. 
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Figure 6. Crush plate for module as per UN/ECE-R100.02:2013 [98], GTR 20:2018 [108], SAE J2464:2009 [89], ISO 12405-3:2014 [84], and FreedomCAR:2006 [92]. 
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Figure 7. Crush plate for the module as per SAND2017-6925:2017 [107]. 
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Figure 8. Cell crusher as per SAE J2464:2009 [89], FreedomCAR:2006 [92], IEC 62660-2:2010 [87], and SAND2017-6925:2017 [107]. 
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Figure 9. Cell crusher for prismatic cells as per IEC 62660-2:2010 [87]. 






Figure 9. Cell crusher for prismatic cells as per IEC 62660-2:2010 [87].



[image: Batteries 07 00063 g009]







[image: Batteries 07 00063 g010 550] 





Figure 10. Impactor for crushing prismatic and pouch cell as per SAND2017-6925:2017 [107]. 
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Figure 12. Decelerations during a crash test (speed: 54 km/h, rigid barrier, full overlap, 0° impact angle) [121]. 
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Table 1. List of battery incidents [38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68].






Table 1. List of battery incidents [38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68].





	Year
	Region/Country
	Vehicle
	Incident and Cause





	2010
	Scandinavia
	Nissan Qashqai
	Vehicle caught fire while charging



	2011
	China
	Zotye M300 EV
	Vehicle caught fire while driving and hence all-electric taxis were temporary pulled off the streets



	2011
	USA
	Chevrolet Volt
	Fire emerged due to leaking coolant three weeks after crash test



	2012
	USA
	General Motor vehicles
	Battery exploded due to incompatible operating cycle and battery prototype during tests



	2012
	USA
	Fisker Karma
	Rate of fire: Two per thousand. Usually, a vehicle catches fires while it is parked



	2012
	USA
	Three Toyota Prius and Sixteen Fisker Karma
	During a hurricane, vehicles caught fire when immersed in seawater as it worked as the conductor between both +ve and −ve battery poles



	2012
	Sweden
	Fiat 500
	Fire ignited in the engine compartment while charging



	2013
	France
	Two Bolloré Bluecar
	First vehicle caught fire while parked and the fire spread to the second one as well



	2013
	Mexico
	Three Tesla Model S
	Vehicle caught fire by hitting road debris, tree and the concrete wall in less than two months. Consequently, Tesla was pushed to reinforce the vehicle construction



	2013
	Japan
	Mitsubishi Outlander PHEV
	Battery overheating issue identified so production was stopped for five months



	2014
	Canada
	Tesla Model S
	Vehicle caught fire while parked in the garage and was bought only 4 months prior to the incident



	2015
	Norway
	EV
	Vehicle faced accident with a train and caught fire after two hours, which took a long time to extinguish



	2016
	Norway
	Tesla Model S
	Caught fire due to short circuit while charging at supercharger station



	2016
	France
	Tesla Model S
	Faulty electric connection caused a fire during the test drive



	2017
	UK
	Smart Fortwo electric drive
	Faulty electricals caused a fire while charging



	2017
	China
	Tesla Model X
	Vehicle was at high speed and caught fire after the crash. Backseat passengers evacuated via front doors



	2017
	USA
	Tesla Model X
	Vehicle caught fire after the crash and was re-ignited on the tow truck and third time at the tow yard



	2018
	Thailand
	Porsche Panamera
	Vehicle was plugged in and was being charged from the house socket when it caught fire



	2018
	The Netherlands
	Jaguar I-Pace
	Newly delivered vehicle caught fire while parked



	2018
	USA
	Tesla Model X
	Vehicle caught fire after the crash and was re-ignited within a few days two times, while parked in the tow yard



	2018
	USA
	Tesla Model X
	Vehicle caught fire after the crash and was extinguished on-site with the help of an extinguisher but was re-ignited two times within a week at the tow yard



	2018
	USA
	Tesla Model S
	Battery casing was ruptured and the vehicle caught fire immediately after hitting the pole and nearby wall. Fire re-ignited two times, (a) while loading on the tow truck, and (b) at the tow yard



	2018
	USA
	Tesla Model S
	Battery venting caused a fire while driving



	2018
	USA
	Tesla Model S
	Fire started in the parking area and was re-ignited in the tow yard



	2018
	USA
	Tesla Model S
	Vehicle caught fire after the crash which was extinguished swiftly but was reignited at the time of loading on the truck and thereafter at the tow yard



	2018
	USA
	Tesla Model S
	Parked vehicle caught fire two times in the workshop parking area



	2018
	USA
	Tesla Model S
	Caught fire during driving and was extinguished swiftly



	2018
	Thailand
	Porsche Panamera, PHEV
	Caught fire while charging from the home socket. Consequently, the fire was spread throughout the home



	2018
	Switzerland
	Tesla, BEV
	Vehicle was turned over after crashing with a barrier and immediately caught fire



	2018
	China & Spain
	Tesla, BEV and BMW i3 REx, PHEV
	Unknown spontaneous ignition caused the fire in the parked vehicle



	2018
	China
	Zhong Tai, BEV and 3 other BEVs
	Fire was ignited without any accident. Two vehicles caught fire during charging and rest while driving



	2019
	The Netherlands
	BMW I8
	Caught fire in the showroom and was quenched with water



	2019
	China
	3 BJEV minivans
	Companies do not prefer this model anymore as it catches fire while charging



	2019
	China
	Tesla Model S
	Rapid development of fire was noticed due to battery venting within 30 min of the arrival of a vehicle while it was parked in the garage
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Table 2. Test stop criteria as per different standards and regulations.
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	Standards (Std.) and Regulations (Reg.)
	Procedure: Stop Criteria

(C = Cell; M = Module; P = Pack)





	SAE J2464:2009 (Std.)
	force = 1000 × Test Device (TD) weight (C/M/P)



	ISO 12405-3:2014 (Std.)
	100 kN < force < 105 kN 1 (P)



	IEC 62660-2:2010 (Std.)
	voltage = abrupt voltage drop of one-third of the original cell voltage or deformation ≥ 15% or force = 1000 × TD weight (C)



	FreedomCAR:2006 (Std.)
	deformation = 50% or force = 1000 × TD weight (C/M/P)



	SAND2017-6925:2017 (Std.)
	Force = 25 kN or HSL ≥ 5 or impactor reached 100% practical displacement (C)

HSL ≥ 5 or impactor reached 100% practical displacement (M/P)



	GB/T 31485-2015:2015 (Std.)
	voltage = 0 V or deformation = 30% or force = 200 kN (C)

deformation = 30% or force = 1000 × TD weight or force as per Table 3 whichever is higher (M/P)



	UN/ECE-R100.02:2013 (Reg.)
	100 kN < force < 105 kN 2 (M/P)



	GTR 20:2018 (Reg.)
	100 kN < force < 105 kN 2 (M/P)







1 Customer determined value can be used based on predicted forces from vehicle crash test [84]. 2 A higher crush force may be applied on the basis of the manufacturers’ request [98].
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Table 3. Crush force as per GB/T 31485-2015:2015 [90].
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	Number of Cells Contacted by the Crushing Surface (n)
	Crush Force (kN)





	1
	200



	2–5
	100 × n



	>5
	500










[image: Table] 





Table 4. Crush speed as per different standards and regulations.






Table 4. Crush speed as per different standards and regulations.





	Standards and Regulations
	Crush Speed (mm/min)

(C = Cell; M = Module; P = Pack)





	SAE J2464:2009 [39]
	0.5–1 (C)5–10 (M/P)



	ISO 12405-3:2014 [42]
	Not mentioned



	IEC 62660-2:2010 [43]
	Not mentioned



	FreedomCAR:2006 [41]
	Not mentioned



	SAND2017-6925:2017
	1 (C/M/P)



	GB/T 31485-2015:2015 [40]
	300 ± 60 (C/M/P)



	UN/ECE-R100.02:2013 [44]
	Not mentioned



	GTR 20:2018
	Not mentioned
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Table 5. SoC level as per different standards and regulations.






Table 5. SoC level as per different standards and regulations.





	Standards and Regulations
	SoC (%)

(C = Cell; M = Module; P = Pack)





	SAE J2464:2009
	100 (C/M/P)



	ISO 12405-3:2014
	≥50 (High Power), max. SoC at normal operation (High Energy) (P)



	IEC 62660-2:2010
	100 (BEVs)

80 (HEVs) (C)



	FreedomCAR:2006
	100 (C/M/P)



	SAND2017-6925:2017
	100 (C/M/P)



	GB/T 31485-2015:2015
	100 (C/M/P)



	UN/ECE-R100.02:2013
	>50% of normal operating range (M/P)



	GTR 20:2018
	100 (M/P)
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Table 6. Recommended impactor diameter for crushing cylindrical cells as per SAND2017-6925:2017 [107].






Table 6. Recommended impactor diameter for crushing cylindrical cells as per SAND2017-6925:2017 [107].





	Impactor Diameter (mm)
	Cell Diameter (mm)





	20
	Up to 32



	30
	32–60



	60
	>60
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Table 7. Recommended impactor diameter for crushing prismatic and pouch cells as per SAND2017-6925:2017 [107].






Table 7. Recommended impactor diameter for crushing prismatic and pouch cells as per SAND2017-6925:2017 [107].





	Impactor Diameter (mm)
	Cell Width (mm) a





	20
	Up to 32



	30
	32–60



	60
	60–150



	150
	>150 b







a Width of the surface that is being crushed by the impactor. b Semi-cylinder radius of 75 mm (150 mm diameter) is used to scale it with the pack crush.
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Table 8. Minimum number of samples needs to be tested as per different standards and regulations.






Table 8. Minimum number of samples needs to be tested as per different standards and regulations.





	Standards and Regulations
	Minimum Number of Samples

(C = Cell; M = Module; P = Pack)





	SAE J2464:2009
	2 (C) 1

1 (M/P) 1



	ISO 12405-3:2014
	Depends on vehicle crash tests (P)



	IEC 62660-2:2010
	Not mentioned



	FreedomCAR:2006
	1 (C/M/P)



	SAND2017-6925:2017
	4 (C)

2 (M/P)



	GB/T 31485-2015:2015
	2 (C)

1 (M/P)



	UN/ECE-R100.02:2013
	Not mentioned



	GTR 20:2018
	Not mentioned







1 Cell level: two tests per cell axis; pack level: one test per crush axis.
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Table 9. Ambiguity in standards and regulations for crush parameters different levels.






Table 9. Ambiguity in standards and regulations for crush parameters different levels.





	
Standards and Regulations

	
Crush Parameters 1 Levels




	
Cell

	
Module

	
Pack






	
SAE J2464:2009

	
✓

	
✓

	
✓




	
ISO 12405-3:2014

	
×

	
×

	
✓




	
IEC 62660-2:2010

	
✓

	
×

	
×




	
FreedomCAR:2006

	
✓

	
✓

	
✓




	
SAND2017-6925:2017

	
✓

	
✓

	
✓




	
GB/T 31485-2015:2015

	
✓

	
✓

	
✓




	
UN/ECE-R100.02:2013

	
×

	
✓

	
✓




	
GTR 20:2018

	
×

	
✓

	
✓








1 Procedure, crushing speed, SoC, press position, crusher shape and dimensions, and number of testing samples.
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