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6.3 MITIGATION AND COUNTERMEASURES 

Based largely on the results of the PHL and PHA, the APT/SMS Team identified mitigations that 

are considered key to safely dealing with hazards that might be encountered during transport of 

damaged or defective Li-ion batteries. The team identified that while understanding the cause 

(source) of the hazard may be important for identifying the mechanisms of injury or damage to 

protect against, properly safing a device is mostly dependent upon proper identification of the 

hazard effect (outcome). This is largely because (1) many of the causes for Li-ion battery hazards 

are undetectable prior to an incident, and (2) the transportation configuration that a battery will 

be in when it creates a hazard cannot be predicted in advance. As such, procedural controls that 

should/could be applied prior to transport to limit the potential for a hazardous incident cannot be 

reliably expected to be in place.  

For a proposed mitigation to be considered effective by the team, it needs to be effective for a 

wide variety of applications and products and against as many hazards as possible. It is 

anticipated that the mitigations will not be equally effective for all transportation modes or 

battery configurations. The proposed mitigation approaches listed in Table 6 were evaluated by 

the team via testing and further analysis.  

As for the PHA, each mitigation/countermeasure is identified as either a design (D), engineered 

safety feature (E), safety device (S), warning device (W), or procedures/training (P/T) 

consideration, listed in order here by decreasing effectiveness. Procedures and training were 

combined since each is dependent upon human activity as a control and is more effective when 

accompanied by the other. 

Table 6: Identified Key Mitigations 

Mitigation 
Applicable Transport 

Modes 

[S] – Provide a containment device adequate to contain any leaks, out-

gassing, fire, and fragmentation. The containment device should also 

protect the battery cells from possible external energy stimulus that can 

potentially react with electrolyte. 

All 

[S/P/T] – Personnel Protection Equipment (PPE) used by personnel to 

perform containment of damaged and/or defective battery cells. 

All 

[P/T] – Training curriculum provided on how to identify the proper PPE and 

equipment to be used to perform containment of damaged and/or defective 

battery cells. 

All 

[P/T] – Training curriculum provided to inform personnel on the procedures 

and proper use of equipment for containment of damaged and/or defective 

battery cells. 

All 

[E] – Provide a containment device that includes means of isolation 

between battery cells to reduce likelihood of physical contact between cell 

units. 

All 
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Mitigation 
Applicable Transport 

Modes 

[P/T] - Provide inspection criteria for battery cells to screen for signs of 

potential hazards such as aging, electronic protection failures, etc.  

Does not apply to 

passenger air 

[P/T] – Prohibit charging of battery cells during transport. All 

[P/T] – Procedures should include steps that account for OEM 

recommended handling techniques and protocols to be followed for 

damaged and/or defective battery cells to ensure that batteries are handled 

with care and appropriate precautions are observed. 

Highway, rail or water 

transport only 

[P/T] – All precautions from 49 CFR 173.185(f), including placement of 

each cell or battery in individual, non-metallic inner packaging that 

completely encloses the cell or battery, the use of surrounding cushioning 

material that is non-combustible, non-conductive, and absorbent, each 

inner packaging individually placed in an outer packaging that meets the 

applicable requirements of part 178, subparts L, M, P and Q at the Packing 

Group I level, and marking of the outer package with “Damaged/ defective 

lithium ion battery,” as appropriate. 

Highway, rail or water 

transport only 

[W] – Provide a gas detection system and warning system to notify 

personnel of out-gassing from a battery cell. 

All 

[P/T] – Procedures should include steps that specify the means to 

extinguish or dilute vented gases from damaged or defective battery cells. 

All 

[P/T] – Develop training curriculum to brief personnel on the procedures for 

extinguishing fire or diluting the vented gases discharged from damaged 

and/or defective battery cells. 

All 

[E] – Utilize packaging that does not contain components that are 

flammable. 

Does not apply to 

passenger air 

[E] – Develop criteria, methods, and techniques to maintain separation and 

isolation between multiple battery cells to reduce likelihood of propagation 

of an event in one cell to an adjacent battery cell. 

Does not apply to 

passenger air 

[P/T] – Procedures should include detailed steps to inspect for adequate 

separation and isolation between multiple battery cells to reduce likelihood 

of propagation of battery cell failure event. 

Does not apply to 

passenger air 

 

Some elements of the recommended protocols and methods have been derived from team 

member experience developing similar solutions for other applications and some of the 

information presented in this report was derived from manufacturer data (as noted). 

Recommendations for mitigations, protocols, and methods are focused upon functionality that is 

needed to safely control a hazard, not on features of any specific product(s). 
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PART III: TESTING 

7.0 Testing 

A series of tests were conducted to validate and verify the viability of proposed packaging 

solutions (methods) to enable safe transport of defective or damaged charge storage devices. The 

purpose of the testing was also to demonstrate whether the testing protocol proposed is 

reasonable for qualifying containment devices designed for use with damaged and defective 

charge storage devices. The following sections describe the tests, including their selection and 

design, the processes followed, pass/fail criteria used, significant events or findings, results, and 

observations or conclusions specific to the testing. 

7.1 DESIGN OF TESTS 

In accordance with the Statement of Work (SOW), all tests were performed to assess the ability 

to use containment to mitigate or ameliorate hazards realized during transportation as a result of 

damaged or defective Li-ion batteries. From the PHL and PHA performed in this project and 

presented previously in the Classification Protocol and Method Report, the Li-ion battery 

hazards identified by the team were grouped into the following failure modes: 

1. Battery Cell Electrolyte Leakage 

2. Outgassing 

3. Explosion/Fragmentation 

4. Fire/Heat 

5. Thermal Runaway 

6. Electrical Failure 

7. Health Hazard 

The team designed the testing to evaluate the characteristics needed in a containment device to 

address these failure modes and to determine whether existing containment devices are able to 

adequately mitigate or ameliorate the identified hazards. In addition, since battery containment 

devices will be subject to the same environmental stresses that batteries may see and are 

designed to contain any resulting hazards, it was decided that a starting point for developing a 

standard set of tests should be the battery tests outlined in Section 38.3, Lithium metal and 

lithium ion batteries, from the UN Recommendations on the Transport of Dangerous Goods, 

Manual of Tests and Criteria. 

7.1.1 Test Requirements 

Using the PHA and PHL as a basis, the team developed requirements for features that should be 

exhibited by a battery container to control the identified hazards. These included: 

• Ability to contain effluents (defined in Section 38.3.2.2 of the UN Manual of Tests and 

Criteria to be a liquid or gas) 

• Ability to contain fire 
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• Ability to contain fragments  

• Surfaces of the container should not reach levels that could burn personnel45 

• Release of hazardous or corrosive material from the battery should be contained 

• Batteries should be secure in the container and not loose where they may contact container 

interior surfaces 

• If multiple batteries are contained, verification is required that an event from one battery will 

not propagate to an adjacent battery 

• Protect the battery from external contamination that could initiate or exacerbate a thermal 

reaction 

• The container materials of construction should be compatible with the battery, ensuring that a 

leak will not result in a subsequent reaction between the battery fluid and the container 

materials  

Using these criteria, the team developed a test matrix to ensure that the containers tested could 

address the identified hazards. In some instances, a single test was used to address multiple 

hazards. 

7.1.2 Test Objectives 

The test procedures chosen were ones to ensure that containers housing hazardous materials 

(damaged or defective Li-ion batteries) can withstand normal conditions in all transportation 

modes. Each test was performed to determine whether the container is designed, manufactured, 

and assembled to successfully meet a portion of the criteria in Section 7.1.1, with the aggregate 

of the tests covering all of the identified requirements. Table 7 provides a summary of which 

tests are intended to verify the prescribed container requirements. Details of the tests conducted 

and of the pass/fail criteria applied are included in Section 7.3. 

Table 7: Summary of Testing 

Container Requirements Procedure Test Event Pass Criterion 

1. Ability to contain effluents 

Water indicating paper 

placed inside the container 

before the test. Water 

sprayed on the container 

from multiple angles post-

test. 

Drop 

Vibration 

Altitude 

Water indicating 

paper not 

activated 

No visible or detected 

outgassing 
Thermal 

Visual and 

sensory inspection 

 
45 A standard temperature threshold at which personnel may experience burns has not been established by OSHA or 

any other government agency. UL2200 Standard for Stationary Engine Generator Assemblies includes some 

recommended temperature limits for metallic and non-metallic items, with the lowest temperature listed as 122 °F. 

(50 °C). Industry typically accepts 140 °F (60 °C) as a minimum threshold at which burns can occur, assuming 5 

seconds of exposure.  
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Container Requirements Procedure Test Event Pass Criterion 

2. Ability to contain fire 

Water indicating paper 

placed inside the container 

before the test. Water 

sprayed on the container 

from multiple angles post-

test. 

Drop 

Vibration 

Altitude 

Water indicating 

paper not 

activated 

Batteries tested to failure 

with no fire detected 

outside of the container 

Thermal 
Visual and 

sensory inspection 

3. Ability to contain fragments 

Batteries tested to failure 

with no fragments outside 

of container 

Thermal 
Visual and 

sensory inspection 

4. Surfaces of the container will not 

reach levels that could burn 

personnel 

Thermal test with 

simulated Li-ion battery 

(heater) inside container 

Thermal 

Container external 

surface 

temperature does 

not exceed 50 °C 

5. Release of hazardous or corrosive 

material from the battery will be 

contained 

Water indicating paper 

placed inside the container 

before the test. Water 

sprayed on the container 

from multiple angles post-

test 

Drop 

Vibration 

Altitude 

Water indicating 

paper not 

activated 

No visible or detected 

leakage 
Thermal 

Visual and 

sensory inspection 

6. Batteries will be secure in the 

container and not loose where they 

may contact container interior 

surfaces 

Methods to secure 

batteries are provided  

Drop 

Vibration 

 

Visual inspection 

post-test to verify 

no shifting 

7. If multiple batteries are contained in a 

single container, an event from one 

battery will not propagate to an 

adjacent battery 

Methods to secure 

batteries or dividers 

between batteries are 

provided  

Drop 

Vibration 

Thermal 

Visual inspection 

post-test to verify 

the effectiveness 

of separation 

method(s) 

8. The battery is protected from external 

contamination that could initiate or 

exacerbate a thermal reaction 

Water indicating paper 

placed inside the container 

before the test. Water 

sprayed on the container 

from multiple angles post-

test. 

Drop 

Vibration 

Altitude 

Water indicating 

paper not 

activated 

9. Container materials are compatible 

with the battery, ensuring that a leak 

will not result in a subsequent 

reaction between the battery fluid and 

the container materials 

No visible or detected 

changes to container 

surfaces that could 

indicate a chemical 

reaction 

Thermal Visual inspection 
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7.1.3 Tests 

Figure 14 shows the flow followed in the test plan. This final test plan, which was coordinated 

with the PHMSA Contracting Officer’s Representative (COR) and Subject Matter Expert (SME) 

prior to testing, was an evolution from the team’s original test plan. The final test plan was 

derived using the original test plan as a starting point, modifying it in accordance with findings 

from the Design of Experiments (DOE). More tests were originally proposed than were 

performed as part of the final plan primarily because: 1) many of the tests originally proposed 

were redundant, evaluating the same factors and potential hazards as other tests, 2) some of the 

tests originally proposed did not address the specific hazards identified for Li-ion batteries, and 

3) the capability of the containers to adequately address the identified hazards could be evaluated 

using fewer tests. The APT/SMS Team’s preliminary (original) test plan is shown in Appendix A 

for reference. 

  

Figure 14: Test Plan Flow 

The proposed tests in Figure 14 are designed to verify that a container will adequately contain 

the hazardous effects of a damaged or defective battery. The tests focus on the ability of the 

container to withstand various conditions, such as drops, altitude, vibration, and thermal stimulus 

without having its integrity compromised. In all of the tests, personnel visually verify whether a 

container contains any leaks, fragments, flames, and other hazards. Failure of a device in a test 

should result in a decision whether to re-perform the test or to continue, documenting the failure. 

Pass/Fail Criteria 

Figure 14 also highlights the criteria used to determine whether a containment device passes or 

fails each test. Since electrolyte leakage and outgassing are hazards to be considered, any breach 

in the outer surface of the containment device is considered a failure. Likewise, damage to the 

containment device that might preclude it from containing an identified Li-ion battery hazard for 

the duration of the transport mode is considered a failure. 
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For all tests, a “PASS” criteria is defined as no leakage, 

no venting, no disassembly, no rupture, and no fire.
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Test 1: Altitude Test 

The purpose of this test is to evaluate the effect of high-altitude conditions on containers for 

damaged or defective lithium ion batteries.   

The sample container is tested at a pressure of 11.6 kPa for 6 hours, maintaining the temperature 

at 72 ± 3 °C. This pressure simulates an altitude of 51,000 feet. For containers designed to be 

watertight, water indicating paper is placed on the inside of the container prior to testing. One of 

each container is subjected to testing one time.  

After 6 hours, the sample is removed and inspected for signs of damage. The container is also 

sprayed with water from multiple angles with the intention of having moisture penetrate the 

container, if possible. A “PASS” result is achieved if the container maintains its structural 

integrity and there are no holes, cracks, or other damage that would result in a loss of function of 

the packaging. For containers designed to be watertight, the water indicating paper must not be 

active for a “PASS” result.   

For the detailed procedure, see Training Module SMS-5610 in Attachment 1 to Appendix A. 

Test 2: Thermal Test 

The purpose of this test is to evaluate the effect of high temperature thermal hazards associated 

with thermal runaway of a lithium ion battery on sample containers.   

A small, high temperature heater inside a steel block is placed inside the sample container and 

heated to simulate a lithium ion battery pack. The heater is heated to a maximum temperature of 

730 °C for two minutes. Thermocouples are used to monitor and record at least two separate 

areas inside the container and two areas on the external surface of the container. One of each 

container is subjected to testing.     

After two minutes, the heater is turned off and the temperature is monitored for one hour. The 

container is then allowed to cool, and the container inspected for signs of damage. A “PASS” 

result is achieved if the container maintains its structural integrity, no holes or cracks are 

observed, and the external surface temperature of the container did not exceed 50 °C.   

For the detailed procedure, see Training Module SMS-5610 in Attachment 1 to Appendix A. 

Test 3: Vibration Test 

The purpose of this test is to evaluate the effect of vibration during transport on containers.   

The container is secured to a vibrating table and subjected to vibrations for six hours. For 

containers designed to be watertight, water indicating paper is placed on the inside of the 

container prior to testing. One of each container is subjected to testing one time.   

Samples are inspected before and after testing to note any physical damage. The container is also 

sprayed with water from multiple angles with the intention of having moisture penetrate the 

container, if possible. A “PASS” result is achieved if the sample container maintains its 
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structural integrity and there are no holes, cracks, or other damage that would result in loss of 

function of the packaging. For containers designed to be watertight, the water indicating paper 

must not be active for a “PASS” result. 

For the detailed procedure, see Training Module SMS-5610 in Attachment 1 to Appendix A. 

Test 4: Drop Test 

The purpose of this test is to evaluate the effect of a free-fall impact on containers.   

The sample is lifted to a height of 6 feet (1.8 meters) and dropped remotely. For containers 

designed to be watertight, water indicating paper is placed on the inside of the container prior to 

testing. One of each container is subjected to testing one time.   

Samples are inspected before and after testing to note any physical damage. The container is also 

sprayed with water from multiple angles with the intention of having moisture penetrate the 

container, if possible. A “PASS” result is achieved if the sample container maintains its 

structural integrity and there are no holes, cracks, or other damage that would result in loss of 

function of the packaging. For containers designed to be watertight, the water indicating paper 

must not be active for a “PASS” result. 

For the detailed procedure see, Training Module SMS-5610 in Attachment 1 to Appendix A. 

7.2 ASSETS 

7.2.1 Containment Devices 

Testing was performed on four containment devices as part of this task:  

• Lithium Fire Guard PG100 (formerly PlaneGard) 

• Fire Containment Concepts 14” PED SAFE-PAK 

• Newtex Z-Block Fire Containment Tote-Style Bag 

• Brimstone Battery Fire Containment Bag 

Each containment device had unique features identified as desirable to control hazards associated 

with a Li-ion battery in thermal runaway. However, research also identified that none of the 

containment devices was expected to possess all of the desired hazard control features. Testing 

was performed on one box-style and three bag-style containment devices. 
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The box style container tested was the Lithium 

Fire Guard PG100, which is designed to safe a 

PED that has gone into thermal runaway on an 

airplane. Lithium Fire Guard claims to be “the 

only 100% containment technology available,” 

stating that it fully contains and renders harmless 

the flames, heat, smoke, toxic fumes, and 

flammable vapors associated with a PED in 

thermal runaway. The PG100 design incorporates 

a scoop that is intended to allow the damaged or 

defective lithium ion battery to be placed in the 

containment device without a need to touch it. It 

is also designed to be used as a shield to protect 

the responder as he/she approaches the burning device. The shield is transparent since it is 

intended to provide full visibility of the device. The PG100 works by sliding the case open, 

placing the device in thermal runaway into the case, closing the case, and adding water into the 

container via a valve. The addition of water is intended to aid cooling of the devices and to 

extinguish any fires that may still be present. Two Lithium Fire Guard PG100 containment 

devices were used during testing.  

The first of the bag-style containment device tested was the Fire Containment Concepts 14” 

PED Safe-PAK. Fire Containment Concepts 

advertises their containment design produces “the 

only commercial grade fire bag that both contains 

and suppresses lithium-ion battery fires.” Further, 

they tout that their system is the only one in the 

industry that contains and automatically suppresses 

on-board lithium-ion battery fires. Among the 

features of the 14” PED Safe-PAK are filtering 

vents, four (4) 4.5 oz. temperature-activated 

suppression bladders lining the interior walls, a 

UL-certified fire-resistant zipper, high temperature 

textiles, and triple seal technology. 

 

Figure 15: Lithium Fire Guard PG100 

 

Figure 16: Fire Containment Concepts 14” 

PED SAFE-PAK 
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The second bag-style containment device tested was the Newtex Z-Block™ Fire Containment 

Tote-Style Bag. The Tote-Style bag is 24" x 13" x 5" and features a flat bottom and 3-

dimensional design that allows the bag to stand upright. Other features include two nylon 

carrying straps and a zipper closure. The bag is designed to contain fires caused by Li-ion 

batteries found in laptops, cell phones, tablets, and 

other personal electronic devices (PEDs). It is 

made with Newtex’s Z-Block™ fire and smoke 

resistant fabrics, which are also used to fabricate 

cargo fire containment covers. Z-Block™ is 

advertised to exceed fire suppression performance 

standards set by FAA, European Aviation Safety 

Agency (EASA), and leading cargo carriers. It 

further boasts several layers of advanced Z-

Block™ Flame Retardant Fabric, ZetexPlus® 

Vermiculite Coated Fiberglass Fabric, and Z-

Flex® Aluminized Fabric to ensure heat and fire 

remain contained. It is reported that the fabrics will not burn, melt, or allow flame penetration; 

are resistant to molten metal burn-through; will withstand temperatures up to 1,800 °F (980 °C); 

are watertight and chemical resistant; will not support growth of mold, fungi, and bacteria; are 

unaffected by extreme temperature or UV; and are abrasion, puncture, and tear resistant.  

The third bag-style containment device tested 

was the Brimstone Battery Fire Containment 

Bag - Large (Laptop) - Preventer™ Edition. 

Brimstone asserts in their literature that this 

containment device has been shown in 

testing to contain 10,000 mAh thermal 

runaway events. The bags are made from 

patented materials that contain a layer of 

Kevlar in case an explosive event creates 

projectiles traveling at ballistic velocities. 

The device’s carbon liner has a temperature 

rating of 3,000 °F, with a second layer 

designed to withstand temperatures above 

2,200 °F for sustained periods of time. Brimstone further cites that the materials used in their 

bags have been FAA certified and that tests of the devices were conducted in accordance with 

Title 14 CFR Part 25 – Subpart D, § 25.853 (a) compartment interiors [Amdt. 25-116, 69 FR 

62788, Nov 26, 2004] Appendix F to Part 25, Part I (a)(1)(ii) [Amdt. 25-111, Eff. 9/2/2003] and 

are FAA Compliant. The bag is designed based on the concept that rapidly expanding gases 

released during a Li-ion battery thermal runaway will cause a containment bag to expand like a 

 

Figure 17: Newtex Z-Block™ Fire 

Containment Tote-Style Bag 

 

Figure 18: Brimstone Battery Fire Containment Bag 

- Large (Laptop) - Preventer™ Edition 
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balloon. As such, to avoid Velcro closures pulling apart and releasing potentially dangerous 

gases, debris, and flame, Brimstone’s design incorporates a pull-over flap.  

One article of each of the three bag-style containers was used in testing. 

7.2.2 Test Facilities 

Multiple test facilities were used to 

perform the testing. The altitude and 

vibration tests were performed at the 

Rocky Mountain Testing Solutions 

Environmental Lab in Pleasant View, 

UT. The other tests were performed at 

Tooele Army Depot (TEAD), SMS’s 

partnered test site for large-scale and 

small-scale tests of substances and 

articles. Below are some of the 

features of the test site. 

• 94-acre dedicated test area 

• 24/7 secured, restricted-access 

location 

• Sensitivity lab with impact, friction, 

electrostatic discharge (ESD), and 

Simulated Bulk Auto-Ignition Test 

(SBAT) apparatuses 

• Extensive auxiliary equipment 

support including: 

‒ High-speed video 

‒ Radiometry (heat-flux) measurement 

‒ Reflective and side-on overpressure measurement 

‒ High definition video 

‒ Internal pressure measurement 

‒ Detonation velocity measurement 

• Remote 12-meter (40-foot) drop tower 

• High and low temperature conditioning chambers 

7.2.3 Instrumentation 

Instrumentation required for the testing was minimal. The drop and vibration tests did not require 

instrumentation. The altitude testing used Type-K thermocouples and pressure sensors. 

Thermocouples were used in the thermal test (both external and internal to the container). The 

 

Figure 19: SMS’s Test Site 
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thermal test also used a heating block to simulate a heat source from which failure could 

propagate to the batteries by increasing the battery temperature.  

7.2.4 Batteries 

The batteries used in the testing were Sony VTC6 

18650 3000mAh 30A Discharge 3.7v rechargeable 

batteries (see Figure 20), which are used in high-

demand power packs and battery packs with 

electronic protection circuits, and are not for stand-

alone use. These batteries are cylindrical lithium-ion 

batteries approximately 65 mm in length with a 

diameter of 18 mm. The 18650 batteries were chosen 

as the test batteries due to their use in a wide range of 

laptop batteries, battery power banks, e-cigarettes, 

and other portable electronic devices, including in 

Tesla vehicles. An 18650 battery is also of similar 

chemical composition, mAh, and voltage to an 

average cellphone battery.  

The batteries were only used in the thermal testing 

since the other tests focused on evaluation of the containers and the test results are independent 

of battery failure. In the thermal testing, a heater block was used to provide the heating source to 

initiate thermal runaway in the batteries.  

7.2.5 Other Assets 

Assets involved in the testing, aside from the two test facilities, batteries, test containers, and 

instrumentation (thermocouples and pressure sensors) previously discussed, included the 

following:  

• Heating block (used in thermal test) 

• Water indicating paper (used in drop test, vibration test, and altitude test) 

• Hoist and cement pad (used in drop test) 

• L.A.B. Transportation Simulation Shaker (Rotary Vibration) (Model Number: 4000V, Serial 

Number 241164) (used in vibration test) 

• Russells Altitude Chamber (Model Number: RHB-13-5-5-WC, Serial Number 04063710) 

(used in altitude test) 

7.3 TEST PROCEDURES 

The following sections outline the procedures that were followed for each test.  

 

Figure 20: Sony VTC6 18650 3000mAh 

30A Discharge 3.7V Rechargeable 

Batteries 
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7.3.1 Altitude Testing  

Altitude testing was performed in accordance with Section 38.3.4.1, Test T.1 – Altitude 

simulation from the UN Recommendations on the Transport of Dangerous Goods, Manual of 

Tests and Criteria. The test is designed to simulate the effects inside an airplane if there is an 

immediate pressure loss and is intended for use on batteries to determine whether altitude can 

cause battery mass loss, leakage, venting, disassembly, rupture, fire or open circuit voltage loss. 

However, for the purposes of this project, the test was performed to evaluate the effect of high-

altitude conditions on damaged or defective lithium-ion battery containers. This was to evaluate 

whether any of the features of the containers could become compromised by pressure changes 

like those that could be experienced in flight.  

The sample containers were tested at a pressure of 87 Torr (11.6 kPa) for 6 hours. This pressure 

simulates an altitude of 51,000 feet. The ambient room temperature was maintained at 73 ± 18 °F 

(23 ± 10 °C) with a relative humidity of 40% ± 30%. The testing temperature was ramped and 

maintained at 162 ± 5 (72 ± 3 °C) for 6 hours. Water indicating paper was placed on the inside of 

each container prior to testing.  

After 6 hours, the containers were removed and inspected for signs of damage. The containers 

were also sprayed with water from multiple angles. A “PASS” result was earned if the sample 

container maintained its structural integrity and there were no holes, cracks, or other damage that 

would result in loss of function of the packaging. For containers designed to be watertight, a 

“PASS” result was only issued if the water indicating paper was not activated. 

None of the devices used to contain hazards from damaged or defective charge storage devices 

are expected to be hermetically sealed against outgassing of small particles. In addition, 

evaluation criteria for the tests in Section 38.3 of the UN Manual of Tests and Criteria do not 

specify a method to determine whether leakage or venting of effluents occurs. As such, the team 

opted to use the combination of an exterior water spray and water indicating paper internal to the 

container to identify whether a path exists post-test for moisture to enter a container, which 

would also indicate a path for effluents to escape. 

The detailed procedure is included in Appendix A. 

7.3.2 Vibration Testing  

The team used Method A2 – Repetitive Shock Test (Rotary Motion) in ASTM D999, Standard 

Test Methods for Vibration Testing of Shipping Containers as a guide for vibration testing. The 

container was placed on a rotary vibration table and underwent one hour of vibration at 280 

RPM. In order to impart the maximum force on the container, isolating it from any dampening 

by the table, the container was raised from the rotary vibration table so that a shim with a 1.6 mm 

(1/16 in.) thickness and a width of 50 mm (2.0 in.) was able to pass between the bottom of the 

package and the rotary vibration table.  
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Immediately following the period of vibration, the container was removed from the platform, 

turned on its side and observed for any evidence of leakage. A container passed the vibration test 

if there was no rupture or path for leakage from the container. Also, to pass, a container should 

have no sign of deterioration that could adversely affect safe transportation or any distortion 

liable to reduce container strength. 

The detailed procedure is included in Appendix A. 

7.3.3 Drop Test  

The team used MIL-STD-810G, Environmental Engineering Considerations and Laboratory 

Tests as a standard for the drop test since it is the most widely used international standard to test 

ruggedness and reliability of equipment when exposed to environmental stresses like those 

associated with transportation. Its intent is to identify deficiencies, shortcomings, and defects in 

equipment design, materials, manufacturing processes, packaging techniques, and maintenance 

methods.  

A container was dropped from a height of 6 feet (1.8 meters) in the orientations listed in Table 8. 

The target was a rigid, non-resilient, flat, and horizontal surface.  

Table 8: Test Configurations 

Container Number of Tests Drop Orientation of Samples 

Lithium Fire Guard PG100 
1 Flat on the side 

1 Flat on the bottom 

Fire Containment Concepts 

14” PED SAFE-PAK  

1 Flat on the side 

1 Flat on the bottom 

Newtex Z-Block™ Fire 

Containment Tote-Style Bag 

1 Flat on the side 

1 Flat on the bottom 

Brimstone Battery Fire 

Containment Bag 

1 Flat on the side 

1 Flat on the bottom 

 

Containers were inspected before and after testing to note any physical damage. Each container 

was also sprayed with water from multiple angles. A “PASS” result was earned if the sample 

container maintained its structural integrity and there were no holes, cracks, or other damage that 

would result in loss of packaging function. For containers designed to be watertight, a “PASS” 

result was only issued if the water indicating paper was not activated. 

As previously stated, none of the devices used to contain hazards from damaged or defective 

charge storage devices were expected to be hermetically sealed against outgassing of small 

particles and the evaluation criteria in Section 38.3 of the UN Manual of Tests and Criteria do 

not specify a method to determine whether leakage or venting of effluents occurs. As such, the 

team opted to use the combination of an exterior water spray and water indicating paper internal 
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to the container to identify whether a path existed post-test for moisture to enter a container, 

which would also indicate a path for effluents to escape. 

The detailed procedure is included in Appendix A. 

7.3.4 Thermal Testing  

The purpose of this test was to evaluate the effect of high temperature thermal hazards associated 

with thermal runaway of a lithium-ion battery on a sample container. The test conducted was a 

non-standard test, specifically designed to induce thermal runaway in the batteries. The test on 

each container was run in two parts.  

In the first part of the test, a small, high temperature heater inside a steel block designed to 

simulate a lithium-ion battery pack was placed inside the sample container and heated. The 

heater was heated to a maximum temperature of 388 °C for 2 minutes. Thermocouples were used 

to monitor and record at least two separate areas inside the container and two areas on the 

external surface of the container.  

Figure 21 and Figure 22 show the locations of the thermocouples for the thermal test. 

  

Figure 21: External Thermocouples – Pre-Test Figure 22: Internal Thermocouples – 

Pre-Test 

After two minutes, the heater was turned off and the temperature was monitored for one hour. 

The container was allowed to cool, and the sample container inspected for signs of damage. A 

“PASS” result was achieved if the sample container maintained its structural integrity, no holes 

or cracks were observed, and the external surface temperature of the container did not exceed 50 

°C (122 °F).  
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Upon completion of the first part of the thermal testing using the high temperature heater, Li-ion 

batteries were inserted into the container for the second part of the test. The same testing 

protocol was then run using the heater block and Li-ion batteries, with the same pass/fail criteria.  

The detailed procedure is included in Appendix A. 

7.3.5 Test Schedule/Timeline  

Table 9 shows the dates of the testing.  

Table 9: Summary of Testing 

Test Scheduled Test Notes 

Drop test 
November 5, 2019 and 

April 29, 2020 

The tests were performed at SMS test facilities. The Lithium 

Fire Guard PG100 containers did not pass the test due to 

damage that resulted from the drop. All other containers 

passed the test.  

Vibration test 
November 7, 2019 and 

May 11, 2020 

The testing was performed at Rocky Mountain Testing 

Solutions. All of the containers passed the test.  

Altitude test 
November 7, 2019 and 

May 18, 2020 

The testing was performed at Rocky Mountain Testing 

Solutions. All of the containers passed the test.  

Thermal test 

November 26, 2019, 

December 12, 2019, June 

2, and June 10, 2020 

The testing was performed at SMS test facilities. For the 

Lithium Fire Guard PG100, additional testing was performed 

since the first test caused the container to melt. Thermal 

testing was only performed once on the three lithium battery 

containment bags. All four containers failed this test. 

8.0 Post-Test Data Analysis and Reduction 

The following sections present the results of the tests along with the team’s interpretation of 

each. 

8.1.1 Altitude Test  

No leakage was observed from the tested containers. No damage was observed that would 

adversely affect the safety and functionality of the shipping containers. (Figure 23 through 

Figure 25) 
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Figure 23: Altitude Test Setup (November 7, 2019) Figure 24: Test Article Post Test 

(November 7, 2019) 

 

 

Figure 25: Altitude Test Setup (May 18, 2020) 

 

All four of the tested containers passed the test without incident. 
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8.1.2 Vibration Test  

No leakage was observed from any of the containers after test completion. No damage was 

observed that would adversely affect the safety or functionality of the shipping containers. 

(Figure 26 through Figure 28) 

 

Figure 26: Vibration Test Setup (November 7, 2019) 

 

Figure 27: Test Article Post Test (November 7, 2019) 
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Figure 28: Vibration Test Setup (May 11, 2020) 

 

8.1.3 Drop Test 

After the first test on the Lithium Fire Guard PG100, it was noted that the container suffered 

cracking, which would allow material inside of the container to escape (see Figure 29). The 

second test did not damage the container, but the latches that secured the container opened upon 

impact (see Figure 30).  
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Figure 29: Cracking Sustained by the Container After the First Drop Test in the Lithium Fire Guard PG100 

 

Figure 30: Open Latches After the Second Drop Test in the Lithium Fire Guard PG100 

 

The other three containers had no damage in any of the tests and all passed the test. Figure 31 

through Figure 36 show the tests conducted on the other containers. 
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Figure 31: Fire Containment Concepts 14” PED SAFE-

PAK Drop Test Setup 

Figure 32: Fire Containment Concepts 14” 

PED SAFE-PAK Drop Test Result 

  

Figure 33: Newtex Z-Block™ Fire Containment Tote-

Style Bag Drop Test Setup 

Figure 34: Newtex Z-Block™ Fire 

Containment Tote-Style Bag Drop Test 

Result 
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Figure 35: Brimstone Battery Fire 

Containment Bag Drop Test Setup 

Figure 36: Brimstone Battery Fire Containment Bag Drop 

Test Result 

8.1.4 Thermal Test  

The two-part test was run twice on the Lithium Fire Guard PG100. In the first part of the first 

test, a heating block was placed in the test container to simulate a battery in thermal runaway. As 

the heating block ramped up to test temperature, the external temperature of the container closely 

matched its temperature. When the block reached a temperature of 90 °C (approximately 2 

minutes of steadily increasing the temperature) the outer surface of the container reached 87 °C. 

At this time, smoke became visible and the test area was filled with the smell of burning plastic, 

so the test was stopped.  

The test was not run on the first test article with batteries due to damage to the case from the 

initial test (heating block only). Figure 37 shows two views of the damage to the Lithium Fire 

Guard PG100 case. 
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Figure 37: Melted/Burned Internal Plastic – Post Test 

The same test was run with a second Lithium 

Fire Guard PG100 container, with the plastic 

parts that melted in the first test removed from 

the second test article. In the second test, the 

test was run to battery failure with no issues. 

Battery failure was evident through visual and 

auditory means. These included audible 

rushing of gases, burning, and charring of the 

battery casing, and removal of the terminal 

cover from outgassing. Figure 38 displays the 

batteries after the second test with the Lithium 

Fire Guard PG100. While the container was 

able to contain the effects of the battery during 

the second test, it was deemed to have failed 

the test due to the high external surface 

temperatures measured on the container, which 

were as noted earlier. 

Thermal testing was performed on the three bag-style lithium battery containment bags. As 

mentioned previously, the bags tested were the PED Safe-PAK PSP-14, Brimstone Battery Fire 

Containment Bag Preventer Edition, and Z-Block Fire Containment Bag. Each bag was run 

through the two separate thermal tests as described previously and testing was done in the same 

manner as performed on the Lithium Fire Guard PG100. One test was performed to simulate 

battery runaway, which was run in each of the lithium battery bags with only the heating 

 

Figure 38: Batteries After Failure in Thermal Test 
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element. The first thermal test, involving just the thermal element, was run to the temperature 

where battery failure was expected. This was followed by a separate test with lithium batteries in 

close proximity to the heating element. The testing with the batteries and the heating element 

combination was run until battery failure. Each test produced similar failure results, which 

included burning and charring of the battery and containment. The PED Safe-Pack was equipped 

with a double sealed top and a layered gas containment system, including chemical bladders, 

which absorbed some of the heat and outgassing of the lithium batteries. The Z-Block 

Containment bag and the Brimstone Battery Bag lacked additional containment systems. 

However, only the Brimstone Battery Bag failed to contain the outgassing. 

   

 Figure 39: Post Test Image for Z-Block Bag (Left) and Brimstone Preventer Bag (Right) 

 

 

Figure 40: Post Test Image for PED Safe-PAK 
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9.0 Container-Specific Observations/Findings 

The Fire Guard PG100 container did not pass the drop test due to cracking that occurred and the 

fact that the latches did not remain secure during the drop. Such occurrences could allow 

hazardous material associated with defective and damaged charge storage devices to be released, 

thereby endangering personnel and other equipment in the area. All of the other containers 

passed the drop test.  

For the altitude and vibration tests, all of the containers passed without any problems observed.  

With regard to the use of a water spray with water indicating paper, it is recommended that, as 

part of a standard testing methodology, this indicator of a container’s ability to contain effluents 

be performed pre-test as a baseline before the drop, altitude, and vibration tests, and again post-

test for each. 

In the thermal test, because the Fire Guard PG100 container melted and testing was not 

continued, the initial test was classified as a “FAIL.” However, the container did contain the 

melting plastic and if a battery had been present, it appeared that the damaged battery would 

have been similarly contained.  

In the second thermal test on the Fire Guard PG100, with the plastic parts removed and the test 

run to battery failure, all hazards from the failed batteries were contained. However, because the 

external surface temperature of the container was hot enough in both tests to cause burns, both 

tests were considered “FAIL.” 

For the PED Safe-PAK, when the thermal test was run to battery failure, all non-thermal hazards 

from the failed batteries were contained. The additional chemical bladders inside the pack helped 

contain the gases but failed to sufficiently contain the heat of the reaction. The external surface 

temperature of the container got hot enough to cause burns. Therefore, despite containing the 

battery’s outgassing, the container received a “FAIL” for this test. 

The Newtex Z-BlockTM was subjected to the same testing and all non-thermal hazards were 

contained. However, as with the PED Safe-PAK, the Newtex external surface temperature 

became hot enough to cause burns. Due to the elevated external temperatures, the container 

received a “FAIL” for this test. 

The Brimstone Battery Fire Containment Bag was subjected to the same testing and the majority 

of non-thermal hazards were contained. The external surface temperature became hot enough to 

cause burns and the outgassing was not contained within the bag. Due to the temperature results 

and failure to contain outgassing the container received a “FAIL” grade. 

None of the containers tested included dividers or any other means to secure batteries from 

moving within the containers, thereby preventing impact with interior surfaces or hazards from 

one battery propagating to other batteries if more than one is placed inside. The presence or 

absence of a means to secure batteries in a container is verified by inspection and is not 

specifically tied to any of the four tests in the recommended methodology. 
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Table 10 through 

Table 13 summarize by container the demonstrated ability to adequately control hazards from the 

nine failure modes listed in Table 7.  

Table 10: Results of Testing on Lithium Fire Guard PG100 

Container Test Requirements 
Test Results 

(Pass/Fail) 

Container Meets 

Requirement 

(Yes/No) 

1. Ability to contain effluents 

Drop – Fail  

Vibration – Pass 

Altitude – Pass  

Thermal – Fail  

No 

2. Ability to contain fire 

Drop – Fail  

Vibration – Pass 

Altitude – Pass  

Thermal – Fail 

No 

3. Ability to contain fragments Thermal – Fail Yes* 

4. Surfaces of the container will not reach levels that could 

burn personnel 
Thermal – Fail No 

5. Release of hazardous or corrosive material from the 

battery will likely be contained 

Drop – Fail  

Vibration – Pass 

Altitude – Pass  

Thermal – Fail 

No 

6. Batteries will be secure in the container and not loose 

where they may contact container interior surfaces 

Drop – Fail  

Vibration – Pass 
No 

7. If multiple batteries are contained in a single container, an 

event from one battery will not likely propagate to an 

adjacent battery 

Drop – Fail  

Vibration – Pass 

Thermal – Fail 

No 

8. The battery is protected from external contamination that 

could initiate or exacerbate a thermal reaction 

Drop – Fail  

Vibration – Pass 

Altitude – Pass  

No 

9. Container materials are compatible with the battery, 

ensuring that a leak is not likely to result in a subsequent 

reaction between the battery fluid and the container 

materials 

Drop – Fail  

Vibration – Pass 

Altitude – Pass  

Thermal – Fail 

Yes 

* Although the container failed the thermal test, the device’s ability to contain fragments was not shown to 

be compromised. 
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Table 11: Results of Testing on Fire Containment Concepts 14” PED SAFE-PAK 

Container Test Requirements 
Test Results 

(Pass/Fail) 

Container Meets 

Requirement 

(Yes/No) 

1. Ability to contain effluents 

Drop – Pass  

Vibration – Pass 

Altitude – Pass  

Thermal – Pass 

Yes 

2. Ability to contain fire 

Drop – Pass  

Vibration – Pass 

Altitude – Pass  

Thermal – Pass 

Yes 

3. Ability to contain fragments Thermal – Pass Yes 

4. Surfaces of the container will not reach levels that could 

burn personnel 
Thermal – Fail No 

5. Release of hazardous or corrosive material from the 

battery will likely be contained 

Drop – Pass  

Vibration – Pass 

Altitude – Pass  

Thermal – Pass  

Yes 

6. Batteries will be secure in the container and not loose 

where they may contact container interior surfaces 

Drop – Pass  

Vibration – Pass 
Yes 

7. If multiple batteries are contained in a single container, an 

event from one battery will not likely propagate to an 

adjacent battery 

Drop – Fail  

Vibration – Pass 

Thermal – Fail 

No 

8. The battery is protected from external contamination that 

could initiate or exacerbate a thermal reaction 

Drop – Pass  

Vibration – Pass 

Altitude – Pass  

Yes 

9. Container materials are compatible with the battery, 

ensuring that a leak is not likely to result in a subsequent 

reaction between the battery fluid and the container 

materials 

Drop – Pass  

Vibration – Pass 

Altitude – Pass  

Thermal – Fail  

Yes 

 

Table 12: Results of Testing on Newtex Z-Block™ Fire Containment Tote-Style Bag 

Container Test Requirements 
Test Results 

(Pass/Fail) 

Container Meets 

Requirement 

(Yes/No) 

1. Ability to contain effluents 

Drop – Pass  

Vibration – Pass 

Altitude – Pass  

Thermal – Pass  

Yes 

2. Ability to contain fire 

Drop – Pass  

Vibration – Pass 

Altitude – Pass  

Thermal – Pass  

Yes 
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Container Test Requirements 
Test Results 

(Pass/Fail) 

Container Meets 

Requirement 

(Yes/No) 

3. Ability to contain fragments Thermal – Pass Yes 

4. Surfaces of the container will not reach levels that could 

burn personnel 
Thermal – Fail No 

5. Release of hazardous or corrosive material from the 

battery will likely be contained 

Drop – Pass  

Vibration – Pass 

Altitude – Pass  

Thermal – Pass  

Yes 

6. Batteries will be secure in the container and not loose 

where they may contact container interior surfaces 

Drop – Pass  

Vibration – Pass 
Yes 

7. If multiple batteries are contained in a single container, an 

event from one battery will not likely propagate to an 

adjacent battery 

Drop – Fail  

Vibration – Pass 

Thermal – Fail 

No 

8. The battery is protected from external contamination that 

could initiate or exacerbate a thermal reaction 

Drop – Pass  

Vibration – Pass 

Altitude – Pass  

Yes 

9. Container materials are compatible with the battery, 

ensuring that a leak is not likely to result in a subsequent 

reaction between the battery fluid and the container 

materials 

Drop – Pass  

Vibration – Pass 

Altitude – Pass  

Thermal – Pass 

Yes 

 

Table 13: Results of Testing on Brimstone Battery Fire Containment Bag 

Container Test Requirements 
Test Results 

(Pass/Fail) 

Container Meets 

Requirement 

(Yes/No) 

1. Ability to contain effluents 

Drop – Pass  

Vibration – Pass 

Altitude – Pass  

Thermal – Fail  

No 

2. Ability to contain fire 

Drop – Pass  

Vibration – Pass 

Altitude – Pass  

Thermal – Pass  

Yes 

3. Ability to contain fragments Thermal – Pass Yes 

4. Surfaces of the container will not reach levels that could 

burn personnel 
Thermal – Fail No 

5. Release of hazardous or corrosive material from the 

battery will likely be contained 

Drop – Pass  

Vibration – Pass 

Altitude – Pass  

Thermal – Pass  

Yes 
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Container Test Requirements 
Test Results 

(Pass/Fail) 

Container Meets 

Requirement 

(Yes/No) 

6. Batteries will be secure in the container and not loose 

where they may contact container interior surfaces 

Drop – Pass  

Vibration – Pass 
Yes 

7. If multiple batteries are contained in a single container, an 

event from one battery will not likely propagate to an 

adjacent battery 

Drop – Fail  

Vibration – Pass 

Thermal – Fail 

No 

8. The battery is protected from external contamination that 

could initiate or exacerbate a thermal reaction 

Drop – Pass  

Vibration – Pass 

Altitude – Pass  

Yes 

9. Container materials are compatible with the battery, 

ensuring that a leak is not likely to result in a subsequent 

reaction between the battery fluid and the container 

materials 

Drop – Pass  

Vibration – Pass 

Altitude – Pass  

Thermal –Pass  

Yes 

10.0 Testing Conclusions 

As stated previously, the purpose of the testing was to demonstrate whether the testing protocol 

proposed is reasonable for qualifying containment devices designed for use with damaged and 

defective charge storage devices, not to test the capability of the tested devices. The test results 

demonstrated the viability of the testing protocol. When a container did not pass a test, it 

highlighted areas for potential improvement in the container design in order to adequately 

address the full gamut of hazards identified for Li-ion batteries. 

Table 14 presents a summary of the container requirements that were previously derived by the 

team and an assessment of whether the prescribed testing that was performed is sufficient to 

evaluate whether a container meets each requirement. The proposed tests were effective to assess 

a candidate containment device’s ability to meet the prescribed container test requirements. 

Potential modifications to the tests are recommended in Section 12.0 for inclusion in a standard 

test method.  

Table 14: Effectiveness of Testing to Assess Candidate Containment Devices 

Container Test Requirements 
Effective to Assess Candidate  

Containment Devices 

1. Ability to contain effluents Yes 

2. Ability to contain fire Yes 

3. Ability to contain fragments Yes 

4. Surfaces of the container will not reach levels that could burn 

personnel 
Yes 

5. Release of hazardous or corrosive material from the battery will 

be contained 
Yes 

6. Batteries will be secure in the container and not loose where 

they may contact container interior surfaces 
Yes 
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Container Test Requirements 
Effective to Assess Candidate  

Containment Devices 

7. If multiple batteries are contained in a single container, an event 

from one battery will not propagate to an adjacent battery 
Yes 

8. The battery is protected from external contamination that could 

initiate or exacerbate a thermal reaction 
Yes 

9. Container materials are compatible with the battery, ensuring 

that a leak will not result in a subsequent reaction between the 

battery fluid and the container materials 

Yes* 

* This should be supported by chemical analysis performed by the manufacturer during the design stage 

and containers should be labeled to indicate the charge storage devices for which they are intended. 
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PART IV: RECOMMENDATIONS 

11.0 Recommendations for Classification of Defective and Damaged 

Charge Storage Devices 

Safe transport of damaged or defective charge storage devices is predicated on three elements:  

1. Proper classification of the devices following an established classification protocol, 

2. Proper handling and packaging of the devices using an appropriate classification 

methodology, and 

3. Equipment designed to effectively control the hazards of a charge storage device that 

becomes damaged or defective in transit. 

Recommendations for accomplishing each of these are presented in the following sections. 

11.1 RECOMMENDED CLASSIFICATION PROTOCOL 

One of the goals of the project was to develop a classification protocol that laypersons, with little 

to no training, can use to classify the predominant Li-ion battery hazard(s) with which they are 

confronted, and successfully identify the steps needed to safe a defective or damaged Li-ion 

battery for continued transport. Figure 41 presents the recommended protocol that has been 

developed. This classification protocol was initially developed by the team for use on a 

passenger aircraft but, after analysis, has been determined to be appropriate for use in all 

transportation modes. 

In the classification protocol shown in Figure 41, before handling the defective or damaged item, 

personnel are to obtain the equipment needed to safely handle the battery, which includes the 

following: 

• Containers specifically designed and empirically proven via the recommended testing 

methods from Section 12.0 to control the hazard from damaged or defective charge storage 

devices 

• Gloves for protection against heat or corrosive liquids 

• Eye protection 

Prior to handling a suspect Li-ion battery or any device that may contain one, personnel should 

don personal protection equipment (PPE).  

After donning PPE, the first step to implementing the protocol is to check if the battery is 

installed in or connected to another device. If it is, personnel should determine if the assembled 

device fits in the protective container. If it does, the entire device should be placed in the 

protective container without handling the battery separately. If it does not, personnel should 

remove the battery (if possible), and then check for signs of battery rupture, such as swelling or 

hissing.  
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If the battery shows signs of potential rupture, it should be placed in a container specifically 

designed and empirically proven via the recommended testing methods from Section 12.0 to 

control battery fragmentation hazards and stored in a remote location. If the battery does not 

show signs of rupture, personnel should check to see if the battery is hot or leaking. If it is hot, it 

should be placed in the container and stored. If it is leaking, an additional step is needed to better 

ensure safety, which is that personnel should either seal the battery in the container and then 

place the entire container into a sealed secondary outer container designed to contain battery 

effluents or use a container that is designed to contain effluents, heat, and fragmentation.  

If the battery cannot be removed from the device and the device will not fit into the protective 

container, the device should be isolated or removed from the transport vehicle (if possible) in 

order to prevent propagation to other devices and to limit the effects of any hazards. To achieve 

isolation, personnel should seek to place a barrier and/or create distance between the defective or 

damaged item and other assets that can be negatively affected by it or could exacerbate its failing 

state. 

As described in the preceding paragraphs, the recommended classification protocol consists of 

steps to be taken to identify the Li-ion battery hazards that are presented in a given situation. The 

recommended classification methodology consists of methods to safely control the hazards. As 

such, the two are closely related and the flow in Figure 41 incorporates elements of both. 
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Figure 41: Classification Protocol/Methodology for Defective or Damaged Lithium Ion Batteries 

It may be obvious, but one of the foundational prerequisites for using this recommended protocol 

is awareness that a charge storage device has become damaged or is defective. This is one of the 

potential differences among the different transportation methods since during marine, rail, cargo 

aircraft or truck transportation, detection of an issue may be less likely than in the cabin of a 

passenger aircraft. That difference does not impact the applicability of the recommended 
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classification protocol but could render it useless if an issue is not detected and it is never 

implemented. Potential solutions to this challenge are discussed in Section 13.0. 

11.2 CLASSIFICATION METHODOLOGY RECOMMENDATIONS  

Based on the hazards identified in the PHL and PHA, a classification method was developed. 

Since the focus of this study was on the potential to contain hazards from damaged and defective 

charge Li-ion batteries, the classification method is intended to be a simple procedure with 

dedicated equipment that can be used to safely mitigate or ameliorate the realization of these 

hazards when encountered during transportation. So, as previously stated, Figure 41 shows the 

methods for personnel to follow when determining the proper way to handle damaged or 

defective charge storage devices. 

This is a classification methodology because Li-ion batteries are currently hazard classified as 

Class 9 (Miscellaneous hazardous materials)46 but, when damaged or defective, can present 

hazards inherent to other hazard classes. For instance,  

1. If a battery ruptures, it can present HD 1.2 explosive projection hazards; 

2. If a battery experiences overpressure, it presents Class 2 hazards; 

3. Overheating presents Class 4 hazards; 

4. Leaking effluents present both Class 3 and Class 8 hazards; and  

5. Outgassing presents Class 6 hazards. 

Coupled with this is that U.S. and international regulations only identify segregation and 

compatibility requirements for transport of substances and articles hazard classified in Classes 1 

through 8. Hence, Li-ion batteries and other high capacity charge storage devices hazard 

classified as Class 9 are not covered. 

As a result of these factors, it is important that the hazards that are most likely to be encountered 

are properly identified via the recommended classification protocol and suspect devices 

“classified” in order to properly isolate damaged and defective charge storage devices from other 

hazardous materials to which the hazards could propagate. None of the containment devices 

tested nor any of the ones researched by the team possess features capable of mitigating all of the 

hazards identified from a defective or damaged charge storage device. As such, proper 

classification is also important when limited containment options are available.  

The testing in this study was performed to empirically prove portions of the proposed 

classification method and to validate and verify the viability of proposed packaging solutions to 

better ensure safe transport of damaged or defective charge storage devices.  

 

 
46 As reflected in 49 CFR 172.101 
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Figure 42 and Figure 43 show a protocol that was developed by Lithium Fire Guard (formerly PlaneGard). It includes references to the 

process to be followed for assessing hazards and identifying the proper mitigations action to take, which are the primary purposes of 

the protocol, and also includes the method for safing a defective or damaged Li-ion battery and associated equipment using their 

container. It is provided here as a reference only since it is similar to protocols implemented by some airlines and the Missile Defense 

Agency (MDA) for dealing with damaged and defective charge storage devices. 

 

Figure 42: Part 1 of a Li-Ion Battery Safing Protocol for Air Transport in the Passenger Compartment of an Aircraft  

Operated Under FAR Part 91 Using PlaneGard PED Fire Containment Model PG100 
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Figure 43: Part 2 of a Li-Ion Battery Safing Protocol for Air Transport in the Passenger Compartment of an Aircraft  

Operated Under FAR Part 91 Using PlaneGard PED Fire Containment Model PG100 
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12.0 Recommended Test Methods 

One of the primary findings/conclusions from this effort is that safe transport of charge storage 

devices that become damaged or defective in transit is predicated upon three elements:  

1. Proper classification of the devices following an established classification protocol, presented 

in Section 11.1; 

2. Proper handling and packaging of the devices using an appropriate classification 

methodology, presented in Sections 11.2; and 

3. Equipment designed to effectively control the hazards of a damaged or defective charge 

storage device. 

To achieve the third element of this safety support structure, a method to determine the ability of 

containment equipment to effectively mitigate or ameliorate hazards from defective or damaged 

charge storage devices is needed. Developing that method was the primary focus of the testing 

chosen and performed in this study since testing is one of the best ways to verify a safety 

control’s effectiveness.  

Since the focus of this study was on evaluating the efficacy of containment to control battery 

hazards, the tests were chosen based primarily on their capacity to evaluate a container’s ability 

to meet the requirements in Section 7.1.1, which were derived from the PHL and PHA. 

Additionally, the tests were chosen based on the premise that they should be relatively common, 

simple, and inexpensive to perform. Otherwise, industry will likely resist their adoption as 

standard practice.  

As such, the four tests described in Section 7.1.3 are recommended for inclusion in a standard 

test method to establish the effectiveness of a container designed for transport of damaged or 

defective high capacity charge storage devices. The tests are recommended for inclusion as 

described in Sections 7.1.3 and 7.3, with the following modifications and exceptions. 

Altitude Test  

As stated in Section 7.3.1, altitude testing was performed in accordance with Section 38.3.4.1, 

Test T.1 – Altitude simulation from the UN Recommendations on the Transport of Dangerous 

Goods, Manual of Tests and Criteria. However, evaluation criteria for that test do not specify a 

method to determine whether leakage or venting of effluents occurs. As such, a method needs to 

be implemented to evaluate whether the container is damaged to the point where effluents can 

escape.  

In this study, the team opted to use the combination of an exterior water spray and water 

indicating paper internal to the container to identify whether a path existed post-test for moisture 

to enter a container, which could also potentially indicate a path for effluents to escape. 
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With advancements in the ability to accurately and economically monitor for Li-ion off-gassing, 

it is recommended that consideration be made to incorporate a requirement that this test be 

performed with a defective/damaged Li-ion battery simulant placed in the container, such as one 

used for monitor calibration, and continuous monitoring for Li-ion off-gassing be incorporated 

throughout the test. This will provide real-time feedback to testers if a breech in the container 

occurs. 

Vibration Testing  

No changes are recommended from the test method performed. 

Drop Test  

As stated in Section 7.3.3, MIL-STD-810G, Environmental Engineering Considerations and 

Laboratory Tests was used as a standard for the drop test. However, evaluation criteria for the 

Transit Drop Test included in that standard are general and do not specify a method to determine 

whether leakage or venting of effluents occurs. As such, a method needs to be implemented to 

evaluate whether the container is damaged to the point where effluents can escape.  

In this study, the team opted to use the combination of an exterior water spray and water 

indicating paper internal to the container to identify whether a path existed post-test for moisture 

to enter a container, which could also potentially indicate a path for effluents to escape. 

With advancements in the ability to accurately and economically monitor for Li-ion off-gassing 

it is recommended that consideration be made to incorporate a requirement that this test be 

performed with a defective/damaged Li-ion battery simulant placed in the container, like one 

used for monitor calibration, and continuous monitoring for Li-ion off-gassing be incorporated 

throughout the test. This will provide real-time feedback to testers if a breech in the container 

occurs.  

In addition, the simulant should be supplemented by a mass simulator to represent the weight of 

the heaviest battery for which the container is designed. 

Thermal Testing  

No changes are recommended from the test method performed. 

13.0 Recommended Packaging Standard 

Per the SOW for this effort, after completing testing, the APT/SMS Team developed a 

recommended packaging standard for defective or damaged Li-ion batteries encountered in 

transit, incorporating the recommended classification protocol and methods, and test methods. 

The recommended standard provides an itemization of features that should be included in 

whatever containers chosen for use by industry. 
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The recommended packaging standards were developed based on the following: 

• Research performed during the initial phase of this project 

• Preliminary Hazards List (PHL) 

• Preliminary Hazards Analysis (PHA) 

• Commercially available products 

• Testing 

These activities are listed in the order in which they were performed.  

Results from the research effort were used to produce a list of packaging characteristics that 

should be incorporated for safe transport of a defective or damaged charge storage device. These 

characteristics were then expanded in the PHL and PHA to determine whether any inherent 

hazards or problems are associated with the proposed characteristics. Possible effects, 

safeguards, and recommendations were generated during this activity.  

With the characteristics further refined by the PHL and PHA, a search of commercially available 

products was performed to identify existing containers that most closely integrate the 

characteristics identified. Discussions with vendors were part of this activity and these inputs 

were considered when refining recommended packaging characteristics.  

Commercially available products were procured and subjected to testing. The results were 

evaluated primarily to verify that the recommended testing methods provide insight into a 

container’s ability to mitigate hazards by incorporating recommended packaging characteristics. 

The results of these tests were also used to evaluate the commercially available products as a 

baseline.  

In developing a list of packaging characteristics, a general list was the focus rather than any 

specific commercial product or feature. The intent of the project was to evaluate the options 

available and develop a composite list of specifications, not to endorse a specific company’s 

product. 

The list of packaging characteristics recommended for inclusion in a packaging standard for 

defective or damaged charge storage device containers has been presented multiple times in this 

report since they were used as the test requirements against which container performance was 

measured. These included: 

1. Ability to contain effluents (defined in Section 38.3.2.2 of the UN Manual of Tests and 

Criteria to be a liquid or gas) 

2. Ability to contain fire 

3. Ability to contain fragments  

4. Surfaces of the container should not reach levels that could burn personnel 

5. Release of hazardous or corrosive material from the battery should be contained 
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6. Batteries should be secure in the container and not loose where they may contact container 

interior surfaces 

7. If multiple batteries are contained, verification is required that an event from one battery will 

not propagate to an adjacent battery 

8. Protect the battery from external contamination that could initiate or exacerbate a thermal 

reaction 

9. The container materials of construction should be compatible with the battery, ensuring that a 

leak will not result in a subsequent reaction between the battery fluid and the container 

materials  

As noted earlier, none of the containers tested could control all hazards. Control of all hazards 

could potentially be accomplished by placing one container inside another of a dissimilar design. 

However, this would require personnel to handle the suspect devices longer and, if the containers 

are not designed for use together, could introduce unforeseen secondary hazards.    

13.1 OUTLINED CONTENTS OF STANDARD 

The following specific packaging features have been identified to accomplish the nine packaging 

characteristics listed in Section 13.0 for transportation of defective or damaged batteries 

encountered during transport.  

• Container-in-container design  

• Non-metallic inner packaging  

• Non-conductive, non-flammable, absorbent cushioning material 

• Labeling in accordance with DOT and UN international requirements 

• Materials compatible with batteries and associated hazardous materials  

• Unless specifically designed to accommodate separation and isolation of multiple batteries, 

only one battery should be placed in a container 

The container-in-container design is recommended since it provides protection against leaks that 

may occur. In addition, if there is a thermal event in the battery, the inner and outer containers, as 

well as the inner packing, will help dissipate the heat, thereby keeping outer packaging surface 

temperatures lower. 

Non-metallic packaging will help mitigate short circuit hazards. Short circuits can lead to fires 

and injuries to personnel.  

It is recommended that non-conductive, non-flammable, absorbent cushioning material be used 

between the outer and inner packages. The material should surround the battery in the inner 

packaging and the inner package itself. As described with the container-in-container design 

above, this safeguard protects against thermal events and leaks that may occur during transport 
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of defective or damaged charge storage devices. This also ensures that the batteries are protected 

from additional damage caused by movements of the inner packaging. 

Existing DOT and UN international requirements should be followed at all times, including 

labeling. Appropriate labeling ensures that personnel who are handling the packaging are aware 

that there is a defective or damaged charge storage device in the package. This will help protect 

personnel from hazards that they may otherwise become exposed to during handling operations.  

Materials should be compatible with the battery and its hazardous material. Incompatible 

material contact with the battery, battery components, battery materials, or associated items may 

cause exacerbation of incidents that may occur. Potential incidents include thermal deviations, 

explosions, and adverse chemical reactions.  

Unless specifically designed to accommodate separation and isolation of multiple batteries, only 

one battery should be placed in a container. If multiple batteries are placed in a single container, 

hazards caused by one battery interacting with another, such as short circuits, could occur and 

contribute to an incident.  

13.2 INFORMATION POPULATED INTO 49 CFR § 172.101 FORMAT 

Using the information and recommendations outlined in Section 13.1, several updates to the 

existing 49 CFR regulations are proposed. Table 15 shows excerpts from the Hazardous 

Materials Table in 49 CFR § 172.101 that are applicable to Li-ion battery transport. The 

recommended additions are included as items (5) through (11) after the 49 CFR § 172.101 

excerpts, using the numbering scheme in 49 CFR § 173.185.
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Table 15: Recommended Changes to 49 CFR § 172.101 Hazardous Materials Table for Lithium Ion Batteries 

Symbols 

(1) 

Hazardous 

material 

descriptions and 

proper shipping 

names 

(2) 

Hazard 

class or 

Division 

(3) 

Identification 

Numbers 

(4) 

PG 

(5) 

Label 

Codes 

(6) 

Special 

Provisions 

(172.102) 

(7) 

(8) (9) (10) 

Packaging (§173.***) 
Quantity Limitations (see 

§§173.27 and 175.75) 
Vessel Stowage 

Exceptions 

(8A) 

Non-

bulk 

(8B) 

Bulk 

(8C) 

Passenger 

Aircraft (rail) 

(9A) 

Cargo Aircraft 

Only 

(9B) 

Location 

(10A) 

Other 

(10B) 

 

Lithium ion 

batteries including 

lithium ion polymer 

batteries 

9 UN3480 …. 9 
388, 422, 

A54, A100 
185 185 185 Forbidden 35 kg A  

 

Lithium ion 

batteries 

contained in 

equipment 

including lithium 

ion polymer 

batteries 

9 UN3481 …. 9 
181, 388, 

422, A54 
185 185 185 5 kg 35 kg A  

 

Lithium ion 

batteries packed 

with equipment 

including lithium 

ion polymer 

batteries 

9 UN3481 …. 9 
181, 388, 

422, A54 
185 185 185 5 kg 35 kg A  

 

Lithium metal 

batteries including 

lithium alloy 

batteries 

9 UN3090 …. 9 
388, 422, 

A54 
185 185 185 Forbidden 35 kg A  

 

Lithium metal 

batteries 

contained in 

9 UN3091 …. 9 

181, 388, 

422, A54, 

A101 

185 185 185 5 kg 35 kg A  
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Symbols 

(1) 

Hazardous 

material 

descriptions and 

proper shipping 

names 

(2) 

Hazard 

class or 

Division 

(3) 

Identification 

Numbers 

(4) 

PG 

(5) 

Label 

Codes 

(6) 

Special 

Provisions 

(172.102) 

(7) 

(8) (9) (10) 

Packaging (§173.***) 
Quantity Limitations (see 

§§173.27 and 175.75) 
Vessel Stowage 

Exceptions 

(8A) 

Non-

bulk 

(8B) 

Bulk 

(8C) 

Passenger 

Aircraft (rail) 

(9A) 

Cargo Aircraft 

Only 

(9B) 

Location 

(10A) 

Other 

(10B) 

equipment 

including lithium 

alloy batteries 

 

Lithium metal 

batteries packed 

with equipment 

including lithium 

alloy batteries 

9 UN3091 …. 9 
181, 388, 

422, A54 
185 185 185 5 kg 35 kg A  
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The various special provisions in Column 7 from the §172.101 table are defined below.  

181. When a package contains a combination of lithium batteries contained in equipment and 

lithium batteries packed with equipment, the following requirements apply: a. The shipper must 

ensure that all applicable requirements of §173.185 of this subchapter are met. The total mass of 

lithium batteries contained in any package must not exceed the quantity limits in columns (9A) 

and (9B) for passenger aircraft or cargo aircraft, as applicable; b. Except as provided in 

§173.185(c)(3) of this subchapter, the package must be marked “UN 3091 Lithium metal 

batteries packed with equipment,” or “UN 3481 Lithium ion batteries packed with equipment,” 

as appropriate. If a package contains both lithium metal batteries and lithium ion batteries packed 

with and contained in equipment, the package must be marked as required for both battery types. 

However, button cell batteries installed in equipment (including circuit boards) need not be 

considered; and c. The shipping paper must indicate “UN 3091 Lithium metal batteries packed 

with equipment” or “UN 3481 Lithium ion batteries packed with equipment,” as appropriate. If a 

package contains both lithium metal batteries and lithium ion batteries packed with and 

contained in equipment, then the shipping paper must indicate both “UN 3091 Lithium metal 

batteries packed with equipment” and “UN 3481 Lithium ion batteries packed with equipment.” 

388.  a. Lithium batteries containing both primary lithium metal cells and rechargeable lithium 

ion cells that are not designed to be externally charged, must meet the following conditions: 

i. The rechargeable lithium ion cells can only be charged from the primary lithium metal cells; 

ii. Overcharge of the rechargeable lithium ion cells is precluded by design; 

iii. The battery has been tested as a primary lithium battery; and 

iv. Component cells of the battery must be of a type proved to meet the respective testing 

requirements of the Manual of Tests and Criteria, part III, subsection 38.3 (IBR, see §171.7 of 

this subchapter). 

b. Lithium batteries conforming to paragraph a. of this special provision must be assigned to UN 

Nos. 3090 or 3091, as appropriate. When such batteries are transported in accordance with 

§173.185(c), the total lithium content of all lithium metal cells contained in the battery must not 

exceed 1.5 g and the total capacity of all lithium ion cells contained in the battery must not 

exceed 10 Wh. 

422. When labelling is required, the label to be used must be the label shown in §172.447. Labels 

conforming to requirements in place on December 31, 2016 may continue to be used until 

December 31, 2018. When a placard is displayed, the placard must be the placard shown in 

§172.560. 

A54. Irrespective of the quantity limits in Column 9B of the §172.101 table, a lithium battery, 

including a lithium battery packed with, or contained in, equipment that otherwise meets the 

applicable requirements of §173.185, may have a mass exceeding 35 kg if approved by the 

Associate Administrator prior to shipment.  
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A100. Lithium ion cells and batteries must be offered for transport at a state of charge not 

exceeding 30 percent of their rated capacity. Lithium ion cells and batteries at a state of charge 

greater than 30 percent of their rated capacity may only be transported under conditions 

approved by the Associate Administrator in accordance with the requirements in 49 CFR part 

107, subpart H. Guidance and methodology for determining the rated capacity can be found in 

sub-section 38.3.2.3 of the UN Manual of Tests and Criteria (IBR, see §171.7 of this 

subchapter).  

A101. In addition to the applicable requirements of §173.185, the quantity of lithium metal in the 

batteries contained in any piece of equipment must not exceed 12 g per cell and 500 g per 

battery. 

In addition to these special provisions, packaging references are in place to 49 CFR 173.185. In 

49 CFR 173.185, subpart f, the following explanation and requirements are set forth for 

damaged, defective, or recalled batteries: 

(f) Damaged, defective, or recalled cells or batteries. Lithium cells or batteries, that have been 

damaged or identified by the manufacturer as being defective for safety reasons, that have the 

potential of producing a dangerous evolution of heat, fire, or short circuit (e.g., those being 

returned to the manufacturer for safety reasons) may be transported by highway, rail or vessel 

only, and must be packaged as follows: (1) Each cell or battery must be placed in individual, 

non-metallic inner packaging that completely encloses the cell or battery; (2) The inner 

packaging must be surrounded by cushioning material that is non-combustible, non-conductive, 

and absorbent; and (3) Each inner packaging must be individually placed in one of the following 

packagings meeting the applicable requirements of part 178, subparts L, M, P and Q of this 

subchapter at the Packing Group I level: (i) Metal (4A, 4B, 4N), wooden (4C1, 4C2, 4D, 4F), or 

solid plastic (4H2) box; (ii) Metal (1A2, 1B2, 1N2), plywood (1D), or plastic (1H2) drum; or (iii) 

For a single battery or for a single battery contained in equipment, the following rigid large 

packagings are authorized: (A) Metal (50A, 50B, 50N); (B) Rigid plastic (50H); (C) Plywood 

(50D); and (4) The outer package must be marked with an indication that the package contains a 

“Damaged/defective lithium ion battery” and/or “Damaged/defective lithium metal battery” as 

appropriate. The marking required by this paragraph (f)(4) must be in characters at least 12 mm 

(0.47 inches) high. 

Based on the current requirements in 49 CFR § 172.101 and 49 CFR § 173.185, as well as the 

provisions identified in Section 14.0, it is proposed that the following updates be made to the 

requirements in 49 CFR § 173.185.  

(5) Container-in-container design should be incorporated as part of containers designed for 

transportation of damaged, defective, or recalled cells or batteries. 

(6) All container materials should be compatible with the battery, potential battery effluents, and 

all other hazardous materials associated with the battery. 
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(7) Only one damaged, defective, or recalled battery should be placed in an inner container 

unless the container is specifically designed to contain more than one battery, with separation 

and isolation capabilities incorporated. 

(8) The container-in-container design should ensure that a thermal event or deviation in the inner 

packaging will be contained and the exterior surfaces of the outer packaging will remain at a safe 

temperature for handling by personnel. 

(9) The container-in-container configuration should be designed to withstand and minimize the 

effects of fragmentation. 

(10) Means should be in place to ensure that the battery in the inner packaging is kept securely in 

place. This may be accomplished through appropriate support of the inner container by the 

packing material between the inner and outer containers. 

(11) The container-in-container configuration should be designed to contain materials within the 

inner packaging such as leaks or outgassing of effluents that may result from a damaged or 

defective battery.  

14.0 Hazard-Specific Container Recommendations to Achieve 

Mitigation/Control of Hazards during Transport 

Based on the testing performed, the PHL, the PHA, and commercially available products, several 

container characteristics have been identified that will maximize the probability of safe transport 

when damaged or defective Li-ion batteries are encountered in transit. Table 16 presents a 

summary of these recommendations organized by predominant hazards. The recommendations in 

the table are expanded upon in the section that follows. 

Table 16: Container Design Recommendations 

Potential Hazard Container Recommendation 

Outgassing 
• Provide containers that are equipped with optional venting, in both the inner 

container and the outer container. 

Fire 

• Provide containers that provide protection against thermal stimulus. For example, 

the inner packing material may be specifically designed to absorb heat from the 

inner container.  

Heat 

• Provide a container-in-container design to allow dissipation of heat.  

• Provide containers that provide protection against thermal stimulus. For example, 

the inner packing material may be specifically designed to absorb heat from the 

inner container.  

Health hazards 

(corrosion or 

toxicity) 

• Provide leak-absorbent material in the inner space between the inner and outer 

packaging. 

• Detail proper PPE that personnel should have when handling damaged Li-ion 

batteries.* 
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Potential Hazard Container Recommendation 

Fragmentation 

• Ensure all packaging complies with appropriate 49 CFR Part 178, UN or 

European specifications (e.g., 5.5L UN1A2 drum, UN rated 5G/Y6.3 box, etc.). 

The materials of construction should be specified to withstand and minimize the 

effects of fragmentation (e.g., aluminum, steel, etc.).  

Thermal runaway 

• To prevent thermal runaway from progressing: 

– Provide a container-in-container design to allow dissipation of heat.  

– Provide containers that provide protection against thermal stimulus. For 

example, the inner packing material may be specifically designed to absorb 

heat from the inner container.  

– Incorporate a cooling system 

• Provide criteria to screen batteries for potential hazards such as aging, electronic 

protection failures, etc.* 

Impact 

• Batteries are to be kept secure in the packaging. The inner container should be 

supported with appropriate packing material. 

• Provide warnings/cautions to remove potential foreign objects from the area of 

battery cells or ensure that they are positively secure.* 

Propagation  
• Only one battery or battery pack should be placed in each container unless a 

positive means for physical separation/isolation exists 

Contamination • Packaging should ensure a tight seal and that moisture is not allowed in or out. 

Compatibility 

• Containers should be designed, and materials chosen, with consideration of their 

compatibility with different types of charge storage device electrolytes and 

components. 

• Manufacturers should include a label identifying compatible or incompatible 

charge storage devices. 

Short circuit 
• Only one battery or battery pack should be placed in each container unless 

adequate separation/isolation between devices can be accomplished.  

*These recommendations are not packaging related. 

Containers for defective or damaged charge storage devices encountered in transit should be 

equipped with a sealed container-in-container design. This provides protection against leaks and 

can prevent injury or propagation from thermal heating from occurring. Thermal hazards should 

also be addressed by designing the inner packing material to be heat absorbent and made from 

non-conductive, non-metallic materials to prevent short circuits. Propagation risks from short 

circuiting can also be mitigated by placing only one battery in a container unless the container is 

specifically designed to contain more than one battery, with separation and isolation capabilities 

incorporated in it. Thermal hazards should also be mitigated by ensuring that a container’s 

construction materials are compatible with battery materials and effluents, as well as hazardous 

materials associated with battery failure. 

In addition to using a sealed container, leakage can also be mitigated by using leak absorbent 

material in the inner space between the inner and outer packaging and by using containers 
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designed and qualified by test for vibration, impact, and protection from external energy 

stimulus. This will additionally reduce the potential for package fragmentation. All containers 

should comply with existing governing regulations, including UN or European specifications. 

The containers should be designed to ensure a tight seal can be established so moisture is not 

allowed pass in or out. This will further reduce hazards associated with battery effluents (liquid 

or gas) and associated byproducts.  

To minimize pressurization and associated rupture, it is recommended that optional venting be 

incorporated in both the inner and outer container. Venting should be optional since, although 

desirable for limiting overpressure, the ability to seal the container is needed in the event of 

outgassing or excessive moisture that could react with leaking electrolyte. Protection of the 

batteries themselves from vibration, movement, external stimulus, and similar hazards can be 

achieved by securing the inner packaging with appropriate packing material. 

15.0 Non-Containment Mitigations and Controls 

As mentioned previously, a major focus of this study was to identify whether containment 

solutions alone are capable of mitigating or ameliorating all of the hazards associated with 

defective or damaged charge storage devices encountered in transit. None of the containment 

devices tested in this study demonstrated the ability to sufficiently meet all nine test requirements 

against which container performance was measured. However, with some minor modifications, it 

should be possible for some of the tested containers to meet all nine test requirements and 

thereby be able to adequately control hazards identified from defective or damaged Li-ion 

batteries and other charge storage devices in some transportation modes and configurations. 

However, one of the findings of this study was that containment is not a reasonable solution for 

some configurations and transportation modes. Examples include bulk transport of batteries on a 

pallet or a battery installed in a large device that will not fit in a container. Extra-large, pallet-

sized containment bags and bins currently exist on the market.  

In the case of a pallet of batteries, failure of one battery propagating to others on the pallet can 

quickly become a runaway event with higher temperatures and more dynamic reactions than 

would be expected from a single cell. Containment bags are designed to maintain their structural 

integrity at high temperatures for a certain amount of time. If the length of a flight in a cargo 

plane exceeded that containment period, the results could be catastrophic.  

Likewise, in the case of a large device that has a defective or damaged charge storage device 

integrated into its design, unless an extra-large container is maintained on hand, containment is 

not an option.  

Another major aspect of each of the container solutions provided in this study is the ability to 

detect a device that begins to exhibit signs of being defective or damaged in transit. This is not 

likely in most modes of transportation for commerce where the devices will be in a rail car, 

trailer, on-board container or cargo hold. 
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As such, a major recommendation from this study is that, in addition to standards and guidance 

being developed for containment solutions, similar research should be conducted into detection 

and suppression technology for Li-ion and other charge storage devices. 

The draft protocols in Figure 44 through Figure 47 assume implementation of a detection system 

with remote monitoring capability to warn personnel of smoke or outgassing from damaged or 

defective Li-ion batteries and a fire or smoke suppression system. For over the road or rail 

transport, response by personnel would require the vehicle to be stopped. 
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Figure 44: Recommended Li-Ion Battery Safing Protocol for Over the Road Transport 
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Figure 45: Recommended Li-Ion Battery Safing Protocol for Sea Transport in a Shipping Container 
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Figure 46: Recommended Li-Ion Battery Safing Protocol for Ground Transport by Rail in a Box Car 
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Figure 47: Recommended Li-Ion Battery Safing Protocol for Air Transport in Cargo Hold of a Passenger Aircraft or on a Cargo Aircraft 
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15.1 RECOMMENDED METHODS FOR SAFE TRANSPORT  

Based on the hazards identified in the PHL and PHA, and the draft classification protocols, classification methods have been 

developed. As previously explained, these classification methods are intended to be simple procedures using dedicated equipment that 

can be used to safely mitigate or ameliorate the realization of hazards from a defective or damaged Li-ion battery during transport. 

Based on the team’s findings, these methods are expected to fall into one of two categories: containment or detection.  

Many of the draft protocols shown in the previous figures include references to draft safing methods. In addition, Figure 48 and Figure 

49 show some notional concepts for using detectors in transport.  

 

Figure 48: Lithium Ion Battery Remote Monitoring Integrated System (RMIS) Notional Concept – Ground [Rail] Transport 
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Figure 49: Lithium Ion Battery Remote Monitoring Integrated System (RMIS) Notional Concept – Sea Transport 
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PART V: PATH FORWARD 
To integrate the findings and recommendations of this study into a safe, reliable, and effective 

packaging standard that will be accepted by industry and regulators, the next steps should 

include research into a packaging system that incorporates a detection system and suppression 

system. The packaging configuration should have a detection system that remotely notifies an 

operator that on-board batteries have been detected entering thermal runaway. This should then 

either automatically initiate a suppression system or provide an option for an operator to initiate 

one to extinguish an event. This would prevent the spread of a thermal runaway event to other 

Li-ion batteries or other hazardous materials that may be proximal to the damaged or defective 

device, thus mitigating further damage to the transport vehicle. An automated system 

would remove response personnel from the immediate danger of the identified hazard of a 

thermal runaway event.  

In addition, as previously discussed in Section 13.2 and other sections in this report, high 

capacity charge storage devices, including Li-ion batteries, are currently hazard classified as 

Class 9 (Miscellaneous hazardous materials). U.S. and international regulations only identify 

segregation and compatibility requirements for transport of substances and articles hazard 

classified in Classes 1 through 8. Hence, high capacity charge storage devices (Class 9) are not 

covered. 

49 CFR § 177.848(e)(1) provides instructions for using the segregation table for HM as follows, 

“The absence of any hazard class or division or a blank space in the table indicates that no 

restrictions apply.” Since the table only includes Classes 1–8 and a hazard class or division that 

is not on listed on the table is not restricted, segregation rules do not apply to Li-ion batteries and 

other Class 9 substances and materials. 

Damaged or defective high capacity charge storage devices can present hazards inherent to other 

hazard classes, including:  

1. HD 1.2 explosive projection hazards if a battery ruptures; 

2. Class 2 hazards if a battery experiences overpressure; 

3. Class 4 hazards in the event of overheating; 

4. Class 3 and Class 8 hazards if leaking effluents are present; and  

5. Class 6 hazards from outgassing. 

The potential exists that a damaged or defective Li-ion battery or other charge storage device 

could unknowingly be placed next to an HC 1 or other hazardous material by a commercial 

transporter. In the event any of the hazards listed above manifest, propagation could create a 

much bigger and more dangerous situation.  
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It is therefore recommended that a study be performed to develop proposed regulations regarding 

transport of Class 1 explosives and other non-Class 9 HM with high capacity charge storage 

devices, currently classified as Class 9. The intended impact is to reduce the probability that a Li-

ion battery failure could initiate a nearby HM during transport, propagating a more serious event. 
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would result in loss of function of the packaging.  For containers designed to be watertight, the 
water indicating paper must not be active for a “PASS” result. 

For the detailed procedure see Training Module SMS-5610 in Appendix A. 
 

TEST 5: FUNCTIONAL TEST 

4.1.9 Scope: 

The purpose of this test is to evaluate the effectiveness of the containers to control the hazards 
after undergoing rough handling.   

4.1.10 Procedure: 

Batteries are placed in a thermal runaway condition within the container prior to the container 
undergoing Tests 1-4 to establish a baseline capability to control each of the identified hazards.  

The same test is performed after the container has undergone Tests 1-4 to establish its 
effectiveness after rough handling and environmental conditions. 
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Title: Altitude Test No.: SMS-5610 Page: 1 of 2 

Reference: SMS-5610 TA-2 Lithium Ion Battery 
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Rev: 0 Date:  

 

1.0 SCOPE 

1.1 This document describes the basic safety requirements and procedures for conducting altitude 
testing on containers for damaged or defective lithium ion batteries. Sample preparation, test 
configuration, and test operations for the test are discussed. The procedure for analyzing, 
evaluating and interpreting the data is also described. Samples tested will include containers for 
damaged or defective lithium ion batteries.   

This test determines the effect of low-pressure conditions on containers for damaged or defective 
lithium ion batteries.   

1.2 HSE Equipment/ Facilities Function 

1.2.1 Ventilation system Prevents the operator from being exposed to harmful gases that 
may be released when a material propagates by removing them 
from the testing area. 

1.2.2 Operator shielding Prevents the operator from being contaminated with unreacted 
combustible or flammable material and protects the operator from 
reactions that occur during testing. 

2.0 MATERIALS AND EQUIPMENT LIST 

2.1 Material Quantity/ Description 

2.1.1 Test articles: Containers for 
damaged/ defective lithium ion 
batteries  

Burn bag - fire-proof bag 

Lithium Fire Gard (formerly PlaneGard)  

- a metal container designed to mitigate the hazards of 
damaged lithium ion batteries 

Cylindrical battery containment kit 

- Consists of a drum/ pail with a lid and a bag of absorbent 
material 

2.1.2 Solvent Commercial grade acetone, methanol, or equivalent 

2.1.3 Wiping tissues Kimwipes or equivalent 

2.1.4 Bags Pink polyethylene antistatic or conductive Velostat 

2.1.5 Non-conductive inspection 
tools 

Made from or covered with non-conducting material 

2.2 Equipment Quantity/ Description 

2.2.1 Altitude/ environmental 
chamber 

 

Altitude/ environmental chamber 

NOTE: The test chamber must be able to simulate pressures as 
low as that found at 25,000 feet elevation. 

2.2.2 Sample container Appropriate container for storing and transporting damaged 
batteries 

2.2.3 Camera For still photographs 

2.2.4 Camera tripod and housing  

2.2.5 Calibration software  
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2.2.6 Temperature/ humidity probe Data record 

2.2.7 Tape Teflon or equivalent, 25-50 mm (1-2 inches) wide, 0.15 mm 
(0.006 inches) thick 

2.2.8 Marker Black felt tip 

2.2.9 Weather Meter For recording laboratory conditions 

3.0 TEST SETUP PROCEDURE 

3.1 Operational Check and Verification 

3.1.1 NOTE: An operational check is normally conducted daily. 

3.1.2 Inspect the test equipment for signs of wear, foreign objects, loose components, and other 
anomalies 

3.2 Machine Set-up 

3.2.1 NOTE: A camera is required for the test and the equipment should be set up in accordance with the 
corresponding procedure. 

3.2.2 Place sample container into the test chamber.   

3.2.3 For containers designed to be watertight, water indicating paper will be placed on the inside of the 
container prior to testing.  One of each sample container will be subjected to testing one time. 

3.2.4 Set temperature settings to 72 ± 3 °C 

3.2.5 Set pressure/ altitude settings to a maximum of 11.6 kPa 

3.2.6 Turn on the power source to the chamber and close the door securely.   

3.3 Running a Test 

3.3.1 NOTE: Add or remove lighting to better detect smoke or spark/ flash respectively. 

WARNING: Stand behind the safety shield during testing 

3.3.2 Store the sample container at 11.6 kPa for 6 hours. 

3.3.3 After 6 hours, the sample will be removed and inspected for signs of damage.  The container will 
also be sprayed with water from multiple angles.   

3.3.4 If the sample experiences leakage, venting, disassembly, rupture, or fire, immediately turn on the 
exhaust system until all gases emitted from the reaction are removed from the area. 

4.0 POST-TEST PROCEDURE 

4.1 Turn the machine off and unplug. 

4.2 Inspect the sample container.   

4.3 Determine whether the trial produced a “PASS” or “FAIL” result per section 5.0. 

5.0 CRITERIA FOR ANALYZING RESULTS 

5.1 A “PASS” result is achieved if the container meets the following requirements: 

i. There were no fragments observed leaving the container during the test 
ii. The container maintains structural integrity 
iii. No holes are observed in the container after the test 
iv. For containers designed to be watertight, the water indicating paper must not be active for 

a “PASS” result.   

5.2 Differentiation between a “PASS” or “FAIL” result can be completed by review of the video or 
human observation.  Instrumentation that records the test outcome for review is preferred. 
Instrumentation is preferred over human observation to limit test subjectivity. 
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1.0 SCOPE 

1.1 This document describes the basic safety requirements and procedures for conducting thermal 
testing on containers for damaged or defective lithium ion batteries.  Sample preparation, test 
configuration, and test operations for the test are discussed.  The procedure for analyzing, 
evaluating, and interpreting the data is also described.  Samples tested will include containers for 
damaged or defective lithium ion batteries.   

This test assesses the effectiveness of the sample containers at mitigating thermal hazards 
associated with elevated temperatures generated by a lithium ion battery in a thermal runaway 
scenario.     

1.2 HSE Equipment/ Facilities Function 

1.2.1 Ventilation system Prevents the operator from being exposed to harmful gases that 
may be released when a material propagates by removing them 
from the testing area. 

1.2.2 Operator shielding Prevents the operator from being contaminated with unreacted 
combustible or flammable material and protects the operator from 
reactions that occur during testing. 

2.0 MATERIALS AND EQUIPMENT LIST 

2.1 Material Quantity/ Description 

2.1.1 Test articles: Containers for 
damaged/ defective lithium ion 
batteries  

Burn bag - fire-proof bag 

Lithium Fire Gard (formerly PlaneGard)  

a metal container designed to mitigate the hazards of damaged 
lithium ion batteries 

Cylindrical battery containment kit 

Consists of a drum/ pail with a lid and a bag of absorbent material 

2.1.2 Solvent Commercial grade acetone, methanol, or equivalent. 

2.1.3 Wiping tissues Kimwipes or equivalent 

2.1.4 Bags Pink polyethylene antistatic or conductive Velostat 

2.1.5 Non-conductive inspection 
tools 

Made from or covered with non-conducting material 

2.2 Equipment Quantity / Description 

2.2.1 Small heater Microheater/ ceramic resistance heater 
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2.2.2 Thermocouples For measuring external surface temperature of the sample 
containers 

2.2.3 Sample container Appropriate container for storing and transporting damaged 
batteries 

2.2.4 Camera For still photographs 

2.2.5 Camera tripod and housing  

2.2.6 Calibration software  

2.2.7 Temperature/ humidity probe Data record 

2.2.8 Tape Teflon or equivalent, 25-50 mm (1-2 inches) wide, 0.15 mm 
(0.006 inches) thick 

2.2.9 Marker Black felt tip 

2.2.10 Weather meter For recording laboratory conditions 

3.0 TEST SETUP PROCEDURE 

3.1 Operational Check and Verification 

3.1.1 NOTE: An operational check is normally conducted daily 

3.1.2 Check sample container for damage 

3.1.3 Inspect the test chamber 

3.2 Machine Set-up 

3.2.1 Instrument the external surface of the sample container with thermocouples 

NOTE: Thermocouples should be centered on the external surface of the container 

3.2.2 Place the small heater inside the sample container 

3.3 Running a Test 

3.3.1 NOTE: Add or remove lighting to better detect smoke or spark/ flash respectively 

WARNING: Stand behind the safety shield during testing 

3.3.2 Heat the small heater inside the container to 730 °C for a time of 2 minutes 

3.3.3 Thermocouples will be used to monitor and record at least two separate areas inside the container 
and two areas on the external surface of the container   

3.3.4 After 2 minutes, the heater will be turned off and the temperature will be monitored for 1 hour.  The 
container will be allowed to cool, and the sample container inspected for signs of damage.  
Observe sample container for signs of disassembly, rupture, or fire   

3.3.5 If the sample container experiences disassembly, rupture, or fire, immediately turn off the heater 
and turn on the exhaust system until all gases emitted from the reaction are removed from the area 

4.0 POST-TEST PROCEDURE 

4.1 Turn the machine off and unplug 

4.2 Determine whether the trial produced a “PASS” or “FAIL” result per section 5.0 
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5.0 CRITERIA FOR ANALYZING RESULTS 

5.1 A “PASS” result is achieved if the container meets the following requirements: 

i. There were no hazardous flames or fragments observed leaving the container during or 
after the test 

ii. The container maintains structural integrity 
iii. No holes are observed in the container after the test 
iv. External surface temperature of the container did not exceed 50 °C (measured by 

thermocouples) 

5.2 Differentiation between a “PASS” or “FAIL” result can be completed by review of the video or 
human observation.  Instrumentation that records the test outcome for review is preferred.  
Instrumentation is preferred over human observation to limit test subjectivity. 
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1.0 SCOPE 

1.1 This document describes the basic safety requirements and procedures for conducting vibration 
testing on containers for damaged or defective lithium ion batteries. Sample preparation, test 
configuration, and test operations for the test is discussed. The procedure for analyzing, evaluating, 
and interpreting the data is also described. Samples tested will include containers for damaged or 
defective lithium ion batteries.   

This test simulates vibration during transport.   

1.2 HSE Equipment/ Facilities Function 

1.2.1 Ventilation system Prevents the operator from being exposed to harmful gases that 
may be released when a material propagates by removing them 
from the testing area. 

1.2.2 Operator shielding Prevents the operator from being contaminated with unreacted 
combustible or flammable material and protects the operator from 
reactions that occur during testing. 

2.0 MATERIALS AND EQUIPMENT LIST 

2.1 Material Quantity/ Description 

2.1.1 Test articles: Containers for 
damaged/ defective lithium ion 
batteries  

Burn bag - fire-proof bag 

Lithium Fire Gard (formerly PlaneGard)  

a metal container designed to mitigate the hazards of damaged 
lithium ion batteries 

Cylindrical battery containment kit 

Consists of a drum/ pail with a lid and a bag of absorbent material 

2.1.2 Water  To check for leaking of sample containers 

2.1.3 Solvent Commercial grade acetone, methanol, or equivalent. 

2.1.4 Wiping tissues Kimwipes or equivalent 

2.1.5 Bags Pink polyethylene antistatic or conductive Velostat 

2.1.6 Non-conductive inspection 
tools 

Made from or covered with non-conducting material 

2.2 Equipment Quantity/ Description 

2.2.1 Vibration test machine 

 

For conducting the vibration test 

2.2.2 Sample container Appropriate container for storing and transporting damaged 
batteries 

2.2.3 Camera For still photographs 

2.2.4 Camera tripod and housing  

2.2.5 Calibration software  
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2.2.6 Temperature/ humidity probe Data record 

2.2.7 Tape Teflon or equivalent, 25-50 mm (1-2 inches) wide, 0.15 mm 
(0.006 inches) thick 

2.2.8 Marker Black felt tip 

2.2.9 Weather meter For recording laboratory conditions 

3.0 TEST SETUP PROCEDURE 

3.1 Operational Check and Verification 

3.1.1 NOTE: An operational check is normally conducted daily 

3.1.2 Inspect test equipment for signs of wear, foreign objects, loose components, and other anomalies 

3.2 Test Set-up 

3.2.1 NOTE: A camera is required for the test and the equipment should be set up in accordance with the 
corresponding procedure 

3.2.2 For containers designed to be watertight, water indicating paper will be placed on the inside of the 
container prior to testing.  One of each sample container will be subjected to testing one time. 

3.3 Running a Test 

3.3.1 NOTE: Add or remove lighting to better detect smoke or spark/ flash respectively 

WARNING: Stand behind the safety shield during testing 

3.3.2 Vibrate the test sample for 6 hours 

4.0 POST-TEST PROCEDURE 

4.1 Turn the machine off and unplug 

4.2 The container will be sprayed with water from multiple angles.  Inspect the sample container for 
damage or leaking. 

4.3 Determine whether the trial produced a “PASS” or “FAIL” result per section 5.0. 

5.0 CRITERIA FOR ANALYZING RESULTS 

5.1 A “PASS” result is achieved if the container meets the following requirements: 

i. No liquid is leaking from the container 
ii. The container maintains structural integrity 
iii. No holes are observed in the container after the test 
iv. For containers designed to be watertight, the water indicating paper must not be active for 

a “PASS” result. 

5.2 Differentiation between a “PASS” or “FAIL” result can be completed by review of the video or 
human observation.  Instrumentation that records the test outcome for review is preferred.  
Instrumentation is preferred over human observation to limit test subjectivity. 
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1.0 SCOPE 

1.1 This document describes the basic safety requirements and procedures for conducting drop testing 
on containers for damaged or defective lithium ion batteries.  Sample preparation, test 
configuration, and test operations for the test are discussed.  The procedure for analyzing, 
evaluating, and interpreting the data is also described.  Samples tested will include containers for 
damaged or defective lithium ion batteries.   

This test is used to determine whether a test unit can withstand a free-fall impact without losing the 
integrity of the container.  

1.2 HSE Equipment/ Facilities Function 

1.2.1 Ventilation system Prevents the operator from being exposed to harmful gases that 
may be released when a material propagates by removing them 
from the testing area. 

1.2.2 Operator shielding Prevents the operator from being contaminated with unreacted 
combustible or flammable material and protects the operator from 
reactions that occur during testing. 

2.0 MATERIALS AND EQUIPMENT LIST 

2.1 Material Quantity/ Description 

2.1.1 Test articles: Containers for 
damaged/ defective lithium ion 
batteries  

Burn bag - fire-proof bag 

Lithium Fire Gard (formerly PlaneGard)  

a metal container designed to mitigate the hazards of damaged 
lithium ion batteries 

Cylindrical battery containment kit 

Consists of a drum/ pail with a lid and a bag of absorbent material 

2.1.2 Water  To check for leaking of sample containers 

2.1.3 Solvent Commercial grade acetone, methanol, or equivalent. 

2.1.4 Wiping Tissues Kimwipes or equivalent 

2.1.5 Bags Pink polyethylene antistatic or conductive Velostat 

2.1.6 Non-conductive inspection 
tools 

Made from or covered with non-conducting material 

2.2 Equipment Quantity/ Description 

2.2.1 Drop tower and lift system For safely and securely lifting of a sample, the sample must be 
HEIGHT m 

2.2.2 Release initiator 

 

For dropping containers 

2.2.3 Sample container Appropriate container for storing and transporting damaged 
batteries 

2.2.4 Camera For still photographs 
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2.2.5 Camera tripod and housing  

2.2.6 Calibration software  

2.2.7 Temperature/ humidity probe Data record 

2.2.8 Tape Teflon or equivalent, 25-50 mm (1-2 inches) wide, 0.15 mm 
(0.006 inches) thick 

2.2.9 Marker Black felt tip 

2.2.10 Weather meter For recording laboratory conditions 

3.0 TEST SETUP PROCEDURE 

3.1 Operational Check and Verification 

3.1.1 NOTE: An operational check is normally conducted daily 

3.1.2 Inspect test equipment for signs of wear, foreign objects, loose components, and other anomalies 

3.2 Test Set-up 

3.2.1 NOTE: A camera is required for the test and the equipment should be set up in accordance with the 
corresponding procedure 

3.2.2 Place sample in the container and close container   

3.2.3 For containers designed to be watertight, water indicating paper will be placed on the inside of the 
container prior to testing.  Two of each sample container will be subjected to testing one time. 

3.2.4 Secure the sample container to drop machinery 

3.3 Running a Test 

3.3.1 NOTE: Add or remove lighting to better detect smoke or spark/ flash respectively 

WARNING: Stand behind the safety shield during testing 

3.3.2 Lift the test sample container to a specified height and then remotely drop it 

4.0 POST-TEST PROCEDURE 

4.1 The container will also be sprayed with water from multiple angles.  Inspect the sample container 
for leaks and damage.   

4.2 Determine whether the trial produced a “PASS” or “FAIL” result per section 5.0. 

5.0 CRITERIA FOR ANALYZING RESULTS 

5.1 A “PASS” result is achieved if the container meets the following requirements: 

i. No liquid is leaking from the container 
ii. Container maintains structural integrity 
iii. No holes are observed in the container 
iv. For containers designed to be watertight, the water indicating paper must not be active for 

a “PASS” result  

5.2 Differentiation between a “PASS” or “FAIL” result can be completed by review of the video or 
human observation.  Instrumentation that records the test outcome for review is preferred.  
Instrumentation is preferred over human observation to limit test subjectivity. 
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Appendix C – Test Data 

Following are the raw data from the thermal tests for each case that was tested.  All data for the 

vibration, drop and altitude tests were included in the body of the report.  

 

 

Figure C-1: Thermal Test Temperature Data for Lithium Fire Guard PG100 
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Figure C-2: Thermal Test Temperature Data for Brimstone Battery Fire Containment Bag 

 

 

Figure C-3: Thermal Test Temperature Data for Fire Containment Concepts 14” PED SAFE-PAK 
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Figure C-4: Thermal Test Temperature Data for Newtex Z-Block™ Fire Containment Tote-Style Bag 

 

 




