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4.
TECHNICAL RATIONALE AND JUSTIFICATION


4.5.
Rationale for REESS requirements

4.5.1.
Thermal runaway propagation: paragraphs 5.3.x. and 6.2.x.
Thermal runaway is a unique feature of the battery in the REESS for electric vehicle. Thermal runaway reaction occurs when the thermal stability limit of the cell chemistry is exceeded, and the cell releases its energy exothermically at an uncontrolled rate. The thermal runaway occurs with smoke, fire and even explosion, which threatens the safety of electric vehicle. The hazard caused by thermal runaway must be restricted.

Thermal runaway can be caused by a variety of abuse or accident conditions:  e.g. mechanical/electrical/thermal abuse or any other misused conditions. In order to minimize the thermal hazard from abuse condition, battery must fulfill specific test standards, i.e. UN 38.3, UN R100, SAE-J2464, IEC-62133, GB/T-31485, and others. These test standards can help drive a better design which effectively limits the hazard caused by thermal runway. And the possibility of thermal runaway under the abuse conditions regulated in the test standards will be effectively diminished.
However, although the battery in REESS can pass current test standards, thermal runaway still occurs sporadically in practical operations. To the best knowledge of current science and technology, the unpredicted thermal runaway can be caused by: 1) internal short circuit; 2) unpredicted abuse condition; 3) abuse condition brought by the deterioration of the REESS.

First, the internal short circuit of lithium ion battery has already been reported in field failures. However, few test standards can well simulate the thermal runaway triggered by internal short circuit. The mechanism of internal short circuit seems to be more complex than what we have expected and requires years of further study. However, it is certain that by rigorous controll in the manufacturing, the possibility of spotaneous internal short circuit can be diminished.

Second, the abuse condition in practical operation cannot be predicted and completely included in test standards. For example, the overcharge current (maybe 1/5C) cannot be the same value that is regulated in the test standards (1C), therefore the thermal hazard caused by overcharge in practical condition will be quite different from that regulated in the test standard. For another, current reported mechanical abuse that triggerred thermal runaway could caused by irregular metal block piercing through the bottom of the chassis. However, in current test profile, neither penetration or crush test can simulate this condition. Moreover, the failure in battery management system may cause overcharge, overdischarge, overcurrent, short circuit, overheat and other kinds of unexpected abuse conditions. However, the failure in battery management system may not be predicted and included the test standard.

Third, the abuse condition will change due to the deterioration of the REESS. The waterproof condition and the insulation of the wire under high voltage may not hold for 5 years or longer. In addition, cell leakage may occur after several years of operations. All of those cases, caused by the deterioration of the REESS, can not be fully considered in current test standards. And the relationship between the deterioration of the REESS and its safety requires further researches. 

In a brief summary, the thermal runaway triggering at single cells cannot be totally eliminated by whatever considerate test standards. However, we can still protect the passenger by safety design of the REESS, given specific battery cell types. Usually when a cell undergoes thermal runaway, a
 cell or battery can emit flammable or toxic vapors, can become very hot, can ignite, can eject corrosive or toxic liquids, or can undergo an energetic disassembly. It will dissipate heat to adjacent cells and cause subsequent thermal runaway in the adjacent cells, resulting in a phenomenon thermal runaway propagation. Meanwhile, flammable and toxic vapours emitting during the period could be dangerous to passenger’s safety. The thermal runaway energy released by a single cell is limited, but once the total energy stored in a battery pack is released due to thermal runaway propagation, the damage might be severe. Therefore the prevention of thermal
 runaway propagation must be considered in safety design of any battery pack. However, without a regulation of the thermal runaway propagation in battery pack, only a few manufacturers would consider the prevention of thermal runaway propagation.

In the Vehicle Battery Safety Roadmap Guidance written by D.H. Doughty with Battery Safety Consulting, Inc., and A. A. Pesaran with NREL, the thermal runaway propagation is remarked as one of the most essential issues that should be considered in pack design:

1) “Propagation of thermal runaway from cell to cell leading to a cascading failure of a battery module or pack cannot be allowed to occur.”
2)“The design goal for battery modules and packs should be to avoid propagation of thermal runaway from cell to cell.”
That encourages us to overcome obstacles to propose a test standard to verify that the REESS have high resistance to thermal runaway propagation, even if a thermal runaway is triggered at a cell. That inspires us to find effective criterion to judge whether a battery pack is free of thermal runaway propagation hazard.
Similar tests (most of them are at pack level) on multiple-cell thermal runaway can be referred in the standards proposed by Society of Automotive Engineers International(SAE International), US Department of Transportation (DOT), and TÜV(Technischer Überwachungs Verein) etc. This test standard would steer the current requirement on testing the multi-cell thermal runaway in the right direction for preventing the thermal runaway propagation hazard. Thermal runaway propagation prevention is firstly regulated in a test standard as this one. 

To organize a good test standard for thermal runaway propagation, there are several factors that must be and have been considered during the compilation of this test standard. 

1) The triggering of thermal runaway at single cell level with repeatability; 

2) The judgement of thermal runaway through common sensors, e.g. voltage and temperature;

3) The judgement of whether consequent thermal event involves severe thermal runaway propagation hazard.

For the triggering of thermal runaway with repeatability, triggering methods were carefully selected based on current test experience. The triggering method can triggers thermal runway with high repeatability, and with limited modification of the REESS. Penetration and overcharge are the two methods suitable for the thermal runway triggering, because the cells are more prone to thermal runaway triggering by penetration and overcharge, based on statistics. On one hand, penetration and overcharge have been trusted in most safety test standards for years with convincible repeatability. On the other hand, the modification of the REESS is limited for the two methods. Furthermore, since the core reason of thermal runaway locates at overheat, heating is selected as another applicable triggering method of single cell’s thermal runaway. Based on test results, the heating also displays good repeatability and limited modification of the REESS. The OEM can select any one among the three triggering methods to trigger the thermal runaway in a single cell. But please note that the thermal runaway at single cell must be detected when applying the thermal runaway triggering method. Otherwise the OEM may have to select the other triggering methods until they could verify that all of the three triggering methods will not cause thermal runaway.

For the judgement of thermal runaway, many kinds of samples were tested to provide the thermal runaway features. The thermal runaway features include: 1) voltage drops; 2) temperature higher than [the OEM limit]; 3) an abnormal temperature rise rate higher than [1oC/s]. The three quantitative features are the key criterion of the thermal runaway judgement.

For the judgement of whether consequent thermal event involves severe thermal runaway propagation hazard, there should be reasonable criterion to evaluate the thermal hazard that may threaten the safety of the passenger. There is a need of thermal event signal that can warn the passenger of the thermal runaway case. After the occurrence of thermal runaway, the passenger can be instantaneously warned by the thermal event signal, and have sufficient time to escape from the electric vehicle, before the thermal hazard caused by propagation forms danger. Therefore the observation time for thermal runaway propagation after thermal runaway triggering should be longer than the time required for vehicle evacuation. Here after statistical investigation, the observation time after thermal runaway triggering is set as [5min], which we believe is sufficient for the un-trapped passengers to escape from the vehicle. The thermal hazard is by visual inspection, including fire or explosion.

In summary, the purpose of the thermal runaway propagation test is to ensure the occupant safety in a vehicle if thermal runaway occurs in the battery system
.
II. Text of Regulation

 3.
Definitions
3. X.1             “Thermal runaway” means uncontrolled increase of cell temperature caused by exothermic reactions inside the cell.

3. X.2                “Thermal runaway propagation” means the sequential occurrence of thermal runaway within a battery system triggered by thermal runaway of a cell in that battery system.
3. X.3                  “Thermal event signal” means the signal which means the occurrence of thermal runaway within a battery system.
3. X.4                 “Cylindrical cell” means the cell with a cylindrical hard case housing.

3. X.5                 “Prismatic cell” means the cell with a prismatic hard case housing.

3. X.6                 “Pouch cell” means the cell with a laminated housing consisting of compound foil.
5.3                 Requirements with regard to the safety of REESS- in-use
5.3. X
Thermal runaway propagation  

The test shall be conducted in accordance with paragraph 6.2.x.
This test is required for REESS containing flammable electrolyte.
(1) If no thermal runaway occurs, the test passes. In order to ensure the prevention of thermal runaway propagation, OEM
 should verify that thermal runaway never occur by the three candidate initiation methods described in 6.2.x.3.2.
(2) If thermal runaway happens, but no external fire or explosion and no smoke
 entered the passenger cabin in 5 minutes after the thermal event signal occurring*, the test passes. The observation shall be made by visual inspection without disassembling the tested-device.


6.
Test procedures

6.2.
REESS test procedures

6.2. X.
Thermal runaway propagation
6.2. X.1.
Purpose 

The purpose of thermal runaway propagation test is to ensure the occupant safety in a vehicle if thermal runaway occurs in the battery system.
6.2. X.2.
Installations

This test shall be conducted either with the vehicle or the complete REESS or with related REESS subsystem(s) including the cells and their electrical connections. If the manufacturer chooses to test with related subsystem(s), the manufacturer shall demonstrate that the test result can reasonably represent the performance of the complete REESS with respect to its safety performance under the same conditions. In case the electronic management unit (BMS or other devices) for the REESS is not integrated in the casing enclosing the cells, it must be operational to send warning signal. 
6.2. X.3.
Procedures

6.2. X.3.1.
General test conditions

The following condition shall apply to the test:

(a) the test shall be conducted at an ambient temperature.

(b) at the beginning of the test, the SOC shall be adjusted to a value in the upper [90% or 95%] of the normal operating SOC range.

(c) at the beginning of the test, all test devices shall be operational, but during overcharge test, the overcharge protection function should be turned off
.

(d) the test may be performed with a modified Tested-Device which is intended to minimize the influence of modification. The OEM should provide a modification list.
(e) the test shall be conducted at an indoor test facility or in a shelter to prevent the influence of wind.
6.2.Ｘ.3.2.
Initiation method 
Three different methods were selected as the candidate test methods to initiate the thermal runaway of a single cell in terms of practicability and repeatability.  
OEM can choose one of the candidate methods to initiate thermal runaway.
One of candidate methods is heating. 

The other two alternative methods are nail and overcharge, which only require a minimal modification to the battery system. Nail test requires a hole to be pre-drilled in the enclosure of the battery system. Overcharge test requires the external wires to be attached to the initiation cell for overcharging.
Nail:
Nail shall be conducted with following conditions.

Material: [Steel]

Diameter: [3mm and 8mm]

Shape of tip: [Circular cone, Angle: 20-60°]

Speed: [10~100mm/s]

Position and direction: Select the position and direction where causing an thermal runaway in cell is possible (e.g. in 
direction to electrode layer). Insertion from vent of a cell is possible if thermal runaway occurs. the cell that is perforated by Nail is called the INITIATION CELL. 
If no thermal runaway occurs and the REESS under test has been observed for 1h, refer to 5.3.X.(1
),

Heating:
Use a block heater, film heater or other heating device to initiate thermal runaway. In case of block heater, which has the same size with the component cell, one of component cell can be replaced with the heater. In case of block heater, which is smaller than component cell, it can be installed in module, contacting the surface of the initiation cell. In case of film heater, it shall be attached on the initiation cell surface.
Heating shall be conducted with following conditions.

Shape : Planate or rod heater covered with ceramics, metal or insulator shall be used. Heating area of heater 
shall not be larger than area of cell surface wherever possible.

Heating procedure: After installation, the heater should be heated up to its maximum power. The heater power is suggested in Table XX, but not mandated. Stop the initiation when the thermal runaway occurs OR the MEASURED TEMPERATURE following 6.2.X.3.2.5 is 
[300oC]. If no thermal runaway occurs, and the REESS under test has been observed for 1h, refer to 5.3.X.(1 ). 
Set position : Contact heating area of heater with cell surface directly. Set the heater to conduct its heat to INITIATION CELL. The heater position is correlated with the temperature sensor position, which will be described in 6.2.X.3.2.5.
If no thermal runaway occurs and 
, refer to 5.3.X.(1),
TABLE XX.Suggested Heater specifications
	INITIATION CELL electric energy E (Wh)
	The maximum power of the heater (W)

	E<100
	30~300

	100≤E<400
	300~1000

	400≤E<800
	300~2000

	E≥800
	>600


Overcharge:
The INITIATION CELL is overcharged at a constant current of at least 1/3C rate but not exceeding the maximum current within the normal operating range as specified by the manufacturer..
 Continue charging until thermal runaway occurs OR the SOC of the INITIATION CELL reaches 200% SOC. Any other cells in the battery system shall not be overcharged. 
If no thermal runaway occurs and the REESS under test has been observed for 1h
, refer to 5.3.X.(1).
6.2.X.3.2.2. Detection of thermal runaway
Thermal runaway can be detected by the following conditions:

1) The measured voltage of the INITIATION CELL drops
2) The MEASURED TEMPERATURE reaches [the maximum operating temperature defined by OEM].
3) dT/dt ≥[4°C/s] of the MEASURED TEMPERATURE
Thermal runaway can be judged when
 1) AND 3) happened together 

OR

 2) AND 3) happened together.
If no thermal runaway occurs and the test stopped, refer to 5.3.X.(1).

The definition of the MEASURED TEMPERATURE is in 6.2.X.3.2.5.
6.2.X.3.2.3. Selection of initiation method

Initiation method is selected by OEM. 
6.2.X.3.2.4. Selection of initiation cell

Select the INITIATION CELL which undergoes thermal runaway could be triggered
 by one of the methods described in 6.2.X3.2.1 and also its heat generated by thermal runaway most easily to conduct to adjacent cells. For example, select the cell that is the nearest centre of battery casing or 
a cell or cells that is surrounded by other cells and difficult to radiate heat.

6.2.X.3.2.5. Measurement of voltage and temperature

Measure the voltage and temperature in order to detect thermal runaway of the INITIATION CELL. 
In measuring voltage, original electric circuit shouldn’t be modified.

The MEASURED TEMPERATURE means 
Temperature A. The accuracy of the temperature sensor should be within ±2oC, and the sampling interval should be less than 1sec. The diameter of the tip of the sensor should be less than 1mm.
Temperature A: The maximum surface temperature of the INITIATION CELL measured during the test.
As for Nail, place a temperature sensor close to the short circuit point as much as possible. 
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FIG X Example of set positions of temperature sensor in Nail.
As for overcharge, place a temperature sensor on the cell surface AND with a minimum of equal distance to both battery terminals:
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FIG Y Example of set positions of temperature sensor in Overcharge.
As for Heating, place a temperature sensor on the far side of heat conduction, for example, an opposite side of the position where heater is placed (fig). If it is difficult to apply the temperature sensor directly, place it at the location where the continuous temperature rise of Initiation cell can be detected. 
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FIG Z Example of set positions of heater and temperature sensor in Heating.
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�Feedback to NHTSA’s comment: In the test report by the US on the topic of Single Cell Thermal Runaway (EVS-06-35e, 5.1.1) it stated a longer list of events that can occur from a Thermal Runaway.  5.1.1 states the following: 





Under thermal runaway conditions a cell or battery can emit flammable or toxic vapors, can become very hot, can ignite, can eject corrosive or toxic liquids, or can undergo an energetic disassembly.





The presentation associated with this proposal clearly demonstrates the possibility of batteries emiting flammable and toxic vapors yet they are not addressed in this document.





Feedback: The events listed in EVS-06-35e had been considered in the latest proposal, it is believed that fire or explosion is the worst cases during thermal runaway, so the draft didn’t list the series of reaction. We understand the concerns from US about the danger of vapour emitted, the new proposal added relevant content.


�Feedback to JRC‘s comment: Why is the term "thermal runaway propagation" used here?. Is it meant to be "thermal propagation" ?





Feedback:The term should be "themal runaway propagation" instead of "thermal propagation", as we have discussed in the latest TF5 meeting.


�Feedback to JRC‘s comment: Please align with 6.2.x.1. so the purpose of test is clearly defined.





Feedback: Agree and revised the word.


�JRC’s comment:"What is a 'chain' reaction is this context? How is it verified that it is a chain reaction?. 


We suggest to remove the word 'chain'. Such formulation would exclude exothermic reactions occurring in parallel. "





Feedback: Agree and revised the word.


�JRC’s comments: 'Why the OEM? Rephrase





Feedback: Revised. Should be verified by the test institute.


�NHTSA: Make remark about the smoke.





Feedback: Yes, added.


�JRC’s comment: Unclear formulation. This needs further elaboration. Based on a logical protocol described in such report, when to start the time measurement. How can this be estimated or calculated?. What information needs to be requested to the OEM?





Feedback: The confusing sentence has been removed.


�JRC’s comment: "GTR draft uses the following formulation:


at the beginning of the test, all protection devices which would affect the function of the Tested-Device and which are relevant for the outcome of the test shall be operational.


Is this formulation relevant here?





This condition differs from standards, eg. SAE J2464: all external circuits, cooling systems, or other devices are turned off or disconnected.


If all the protection devices are operational, how can the conditions required to create a thermal runaway be reached?"





Feedback: Agree,revised.


�JRC’s comment: Move to description of heating method?





Feedback: Agree,revised.


�JRC’s comment: "What is the rationale of these test parameters?.  What is the maximum nail diameter permitted?. 





Most of the standards (SAE J2464, USABC, FreedomCAR, AIS-048), require a diameter of 3 mm at cell level testing and 20 mm for module and pack testing. 





QC/T 743 requires a diameter between 3 and 8 mm."





Feedback: Agree and revised.


�JRC’s comment: "What is the rationale for the speed?. 


Standards (SAE J2464, USABC, FreedomCAR, AIS-048), require significantly faster speed (≥ 80 mm/s) for the nail penetration test. QC/T 743 requires 10-40 mm/s.


A comparable speed (0.1 mm/s) is used in the Nickel particle ISC tests (e.g. JIS 8714, IEC 62133). However, the pressing tool is significantly different in shape (square block) and material (nitrile rubber or acrylic resin)."





Feedback: Agree, revised


�JRC’s comment: vertical' is not the appropriate term. Is it meant 'perpendicular' ?





Feedback: Agree and revised.


�JRC’s comment: What is the observation time after the nail penetration is performed?. Following the nail penetration thermal runaway may be initiated or not. How long has to elapse before deciding whether the initiation has occured or not? (e.g. 1h is required in SAE J2464 and UL 2580 after carrying out the initiation).





Feedback: 1h,revised.


�JRC’s comment: How can the heating area in contact with the cell be  larger than the area of cell surface?





Feedback: revised.


�JRC’s comment: The heater is at 300 C. How can the temperature be above 300 C (without thermal runaway)?





Feedback: revised.


�JRC’s comment: What is he observation period after the heating?. Following the heating, thermal runaway may be initiated or not. How long has to elapse before deciding whether the initiation has occured or not? (e.g. 1h is required in SAE J2464 and UL 2580 after carrying out the initiation)





Feedback: revised. 


�JRC’s comment: "What is the rationale for 1C rate charging? 





Why is it different from the C rates defined for the Draft GTR-overcharge protection test?  (The Tested-Device shall be charged with a charge current of at least 1/3C rate but not exceeding the maximum current within the normal operating range as specified by the manufacturer)"





Feedback: Agreed,revised.


�JRC’s comment: What is the observation time after overcharged is performed? 1h is required in SAE J2464 and UL 2580





Feedback: 1h,revised.


�JRC’s comment: Exceeds by how much?





Feedback: Revised.


�JRC’s comment: Unclear how this is compatible with the case that no runaway can be initiated.





Feedback: revised. 


�JRC’s comment: a'?  There are possibly several cells which are surrounded by other cells.





Feedback: revised.


�JRC’s comment: Maximum of what?. Temperature A is already the maximum surface temperature of the cell.





Feedback: revised.
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