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Rationale and justification for setting state of charge (SOC):[bookmark: _GoBack]EVSTF09-24-TF6-03

Within the EVS Informal Group TF-6 was tasked to develop appropriate SOCs for both in-use component testing and post-crash vehicle tests as required in the GTR.
The decision on the required SOC was taken with view to the resulting cell reaction in case of a thermal runaway, i.e. when the cell reaches an un-controlled state in where the heat produced internally exceeds the heat it can dissipate via its surface or by emission of venting gases. While a single cell runaway in most cases will be of limited effect onto the entire REESS and vehicle thereafter, a severe situation would be expected if a single cell thermal runaway would propagate onto further cells and finally the entire REESS. 
Laboratory research on cell and pack level indicates a tendency of Li-Ion ion cells towards lower levels of required external energy for highly charged cells in contrast to cells with low charge level in order to provoke severe cell reactions (1). Generally, throughout all chemistries, a tendency towards lower onset temperatures and higher peaks of the caloric power losses are observed with increasing SOC. Relationships between these cell characteristics and SOC are either steady or peaks are observed in the high (above 50%) SOC range, with no significant decrease above the critical SOC towards full charge (2,3). Other sources confirm that Li-Ion cells show their most significant changes in thermal runaway reactions  between 0% SOC and appr. 50% SOC, while changes towards higher SOCs are less significant (4). Relationships are however highly complex and cannot be generalized. E.g. the self-heating rate of non-aqueous electrolytes has been found insensitive to SOC (5). Further the total amount of heat released is reported to be more or less independent from SOC, indicating that the chemical energy stored in the battery materials, particularly in the non-aqueous electrolytes, is dominating over their physical electrical energy (6).	Comment by PFRANG Andreas (JRC-PETTEN): In ref 2, e.g. released heat increases continuously to 100 % in some cases, so the statement seems not supported for all cases.
	Comment by RUIZ RUIZ Vanesa (JRC-PETTEN): Could you confirm this statement is taken from this document? 
http://energy.gov/sites/prod/files/2015/06/f23/es203_orendorff_2015_p.pdf 

If that is the case we do not see how the research reported in this reference supports this statement.. Please clarify. 	Comment by PFRANG Andreas (JRC-PETTEN): This reference relates to studies carried out on delithiated Lithium iron phosphate (LFP); material which is prepared via quite complex steps. This material does not necessary seem to be representative of the LFP cathodes used in commercial systems. Please check appropriateness of this reference / statement.	Comment by RUIZ RUIZ Vanesa (JRC-PETTEN): From previous literature research presented by JRC, it was shown that the heat generated as a result of thermal runaway is dependent on SOC for many cathode materials. 

Also in the reference number 6 it can be seen (Table 1) how there is a rising trend  on the amount of energy released when the SOC increases (12 % and 11% increase in energy released per Ah when SOC increases from 75% SOC to 100 % SOC. 
Whether the rate of the energy release or the total energy released is the more critical effect related to a propagating thermal runaway and finally for the vehicle-level risk has not yet been analyzed as most scientific sources focus on cell-level tests, primarily based on Type 18650 standard cells.
However lower SOC-dependent onset temperatures are un-arguably seen as critical parameters and therefore SOCs leading to lowest possible onset temperatures should be targeted.
For typical vehicle applications it should be noted that LiBs are not using their full physical capacity range, but only a limited window, primarily to ensure reliability, improve degradation and achieve high charging cycle numbers. The sizes of such windows depend on used LiB technologies and the type of applications (typically larger windows for high energy applications, smaller ones for high power applications). The safety related effects of SOC in real vehicle applications will therefore be much more moderate than for typical laboratory investigations exploiting the full physical SOC ranges.
In the end the Informal Group decided for a conservative approach by aiming at an SOC as high as possible within the considered constraints and technical capabilities. Constraints are the availability of external charging ports for the DUT (Device under Test), capabilities are limited by temperature related capacity variations (7), manufacturing tolerances (8) and inaccuracies of capacity measurement, which according to JRC can amount to 2% derived from each 1% tolerance for current and voltage measurement. Further references provided by JRC confirm the variation of capacity as up to 10% for a thermal window between +10°C and +30°C as defined for the charging process here.

Accounting for above mentioned constraints, i.e. charging opportunities, the SOC setting is split into three procedures:
1. For a test on vehicle level with availability of an external charging port the procedure is deemed straight forward to normally charge the REESS until the vehicle’s internal control device automatically stops the charging process. In case of several charging methods (e.g. normal or fast charging) the manufacturer must advise on the method that delivers the higher SOC.
2. For a vehicle level test with a hybrid vehicle without external charge port the adjustment of the SOC is generally not directly possible. The SOC level is adjusted via complex internal algorithms by the vehicle’s onboard control system. Overriding such systems to enforce high SOC levels may be possible to the manufacturer himself but not to a Technical Service without risking damage to the test object or putting operator health and safety at risk, and may furthermore result in statuses non-representative for the actual vehicle operation.
HEVs generally try to maintain their SOC around a mid-level in order to provide immediate capacity for power delivery as well as for recuperation. Extreme SOC levels are by nature transient events for such systems. As a consequence, no discrete SOC has been defined for such applications.
In order to ensure the highest practically possible SOC it has been agreed that the manufacturer advises the Technical Service or testing Authority on methods to provoke higher SOC levels.	Comment by PFRANG Andreas (JRC-PETTEN): '… reach the highest possible SOC level' ?
3. Finally for a test with a REESS separated from the vehicle a distinction has been made as to whether the DUT does or does not contain the original charge control system. In the former case it is assumed that the embedded charge control system will terminate the charging when the full SOC is achieved. For the latter case the manufacturer must define the normal operating SOC range and the appropriate charging procedure. Considering above mentioned arguments it was seen as necessary to allow for some tolerance with regard to fixing the SOC at the beginning of tests, requiring min. 95 % of the 'normal operating SOC range' as defined by the manufacturer.
It was discussed within the Informal Group that certain chemistries do not allow for direct measurement of the SOC via external open circuit voltage (OCV), because their OCV/SOC-curves are principally flat within the normal operating SOC range. In such cases, and where saturation and load hysteresis reasons are prevalent, the charge level has to be controlled via the accumulated current fed through the external charging system while conducting a standard cycle (see para. 6.2.1).
Often the charging and SOC setting may be carried out by the manufacturer before shipping the DUT to the test laboratory. Depending on waiting duration and due to parasitic currents or consumption through internal control systems discharging may occur before the actual test. As a potential measure to preserve the initial SOC the Informal Group discussed limiting the period between the final setting of the SOC and the actual start of the test to 48h. While such limit would have been meaningful, though restrictive, within a type approval environment, it was seen as not convertible into a self-certification scheme. Accounting for potentially unavoidable loss of charge within the shipping and preparation period, for systems with direct charging possibilities, it was seen as acceptable and of negligible influence to allow for a relative loss of charge of 5% related to the SOC at the end of the charging process. For systems without external charging possibility (like HEVs) the maximum allowed discharge is 10%, accounting for the losses required to operate the internal control systems, or to feed consumers of the vehicles’ low voltage systems. The laboratory staff or technical service is required to take care that any unnecessary energy consumption from the REESS is avoided.
Direct verification of the final SOC before test may again be subject to above mentioned complexity hence why the manufacturer may use alternative assessment methods, like demonstrating compliance to respective performance standards (see EVSTF-07-05) and confirmation of appropriate actions to preserve available charges.
The following table provides reference to the SOC definitions used for current regulatory standards:
	Standard
	Test temperature
	SOC definition 
	SOC determination 
	Capacity determination
	Full charge definition
	SOC (test)

	UN 38.3 
	20°C ± 5°C
	
	
	
	Electrically charged to its design rated capacity 
	100% SOC (altitude, thermal, vibration, shock, ext.short circuit, overch.)
50% SOC (impact)
0% SOC (forced disch.)

	UN/ECE R100.02
	20°C ± 10°C (component based)

	Available electrical charge in a tested device as a % of its rated C.
	Vehicle based: R12/Annex3, R94/Annex3, and R95/Annex4.
This is any SOC that allows normal operation of power train (recommended by manufacturer)
	
	
	Component based: >50% SOC (thermal shock, vibration, mechanical shock, mechanical integrity, fire resistance, ext. short circuit)
Vehicle based: any SOC that allows normal operation of power train (recommended by manufacturer)

	AIS-048
	27°C ± 5°C
	
	
	OCV  2 h and <12 h from completion of full ch.-disch at cc 0.20A (C by manufacturer) until V= 1.70V.
	100% SOC. 

	100% SOC (vibration, short circuit, shock)

	FMVSS 305
	
	
	
	
	As manufacturer or  95%
	


* defined in IEC 61434. cc: constant current, C: capacity, V: voltage, I: current, ch. : charge, disch: discharge, E: energy, P: Power, B: Battery
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(a): Released heat of the delithiated NCM/LMO (4:1, w/w) blend (manufacturer A) in contact with electrolyte
atdifferent state of charges, b): released heat of the delithiated and in house prepared NCM and LMO in
contact with electrolyte at different voltages vs. LilLi".
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Fig. 13.
(a): DSC results of the delithiated NCM/LMO (4:1, wiw) blend (manufacturer A) in contact with electrolyte at
different state of charges and b): released heat at different state of charges of the delithiated NCM/LMO
(4:1, wiw) blend (manufacturer A) in contact with electrolyte.
To study this behaviour in detail, we have also investigated the single phases of the Feedback () v
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Fire Tests on E-vehicle Battery Cells and Packs

Table 1. Heat energy released during complete burnout of LFP and NMC cells in bo1
Energy released per cell (kJ)

Cell type ov 25% SOC 50% SOC 75% SOC 100% SOC ov y
LFP, 7 Ah 1,118 1,378 1,405 1,365 1,529 160
NMC, 14 Ah 1,507 1,426 1,486 1,447 1,597 108

75% SOC. Figure 2 depicts the HRR per cell as a function Burning the ¢
of the number of cells (1, 5, and 10) in the tested object for 0 MW in addition
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