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Safety of ESS is getting increasing media coverage

Bloomberg Greentech Media Korea Times

IE/perdrIive H Th H Lithi lon" APS and Fluence Investigating Explosion at ;re-quem fire raising concerns over safery of solar energy
xplosions Threatening Lithium-lon’s Arizona Energy Storage Facility ' :
Edge In a Battery Raw The stakes are high for the energy storage sector after an explosion with an unknown cause left n (s Jalul -] [5u ]

several firefighters injured
By Brian Eckhouse and Mark Chedak
April 23, 2019, 4:58 PM MDT Updated on Apnl 24, 2019, 824 AM MDT B y st liioica s =]
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> Banery exploded as plast in Artzona: two others were shut
> Arizons utiity regulstor calls for “thorogh savestigation’

e — Anccher ehium san haniery has exploded, this tme a an energy storage

> [

At least 21 fires had already oocurred 4 at battery projects in South Korea,

- according 10 BloombergNEF, Dur this latest one, erupting on Friday at a

oA facility owned by a Pinnacle West Capital Corp. utility in Surprise, Arizona.

e marked the first time it has happened in Ameriea since batteries 1ook off
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Impact and consequence of scale on safety

Consumer Cells Large Format Cells Transportation - Utility Batteries
(0.5-5 Ah) (10-200 Ah) Batteries (1-50 kWh) (MwWh)

Safety issues and complexity increase with battery size
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Current approaches to safety enhancement

Safety and reliability are connected to electrochemistry of materials, cell-
level interactions, packaging, control architecture, overall engineering

Research typically siloed:

Cell Level System Level
(MatSci, Chem, ChemE) (EE, MechE)
« New positive electrode chemistries * Battery spacing
+ Non-flammable and solid electrolytes * Battery management system
« Electrode coatings » Advanced failure detection
« Overcharge protection * Suppressants
« Higher melting separators * Deflagration venting
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Current approaches to safety enhancement

Safety and reliability are connected to electrochemistry of materials, cell-
level interactions, packaging, control architecture, overall engineering

Research typically siloed:

System Level
(EE, MechE)

« Battery spacing

« Battery management system
» Advanced failure detection

* Suppressants

» Deflagration venting
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Cell-level: challenges of conventional Li-ion batteries

Li-ion batteries represent >90% of electrochemical energy storage and are
expected to dominate for at least next 5 years

Thermal runaway in a Li-ion battery:
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@ Heating starts

@ Anode protective layer (SEI) breaks down
© Anode breaks down with electrolyte

@ Separator melts, possibly causing short circuit -
© Cathode breaks down, generating oxygen

® Oxygen reacts with electrolyte
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Cell-level: challenges of conventional Li-ion batteries

Various abusive conditions can trigger Li-ion battery thermal runaway

Over- / — R
charge/ /

discharge

Swelling

Battery material Venting Propagation
decomposition Rupture

Fire

Lithium-ion cell
temperature increase

Physical ‘ I /D

damage /\ \
Extomal Thermal
heating runaway

(without adequate detection and mitigation)
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New materials for safer Li-ion cells
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New materials for safer Li-ion cells
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Development of non Li-ion battery chemistries v

Increasing push toward ‘safe’ aqueous batteries

« Aqueous redox flow batteries
(mostly vanadium so far)

 Zn-based batteries

e |
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https://www.advancedsciencenews.com/new-air- https://www.greentechmedia.com/articles/read/eos-inks-deal-with-
electrodes-zinc-air-batteries/ holtec-to-scale-up-battery-manufacturing
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‘Safer than Li-ion’ does not mean ‘safe’ H

Aqueous electrolyte does not mitigate all hazards
* H, generation is possible in agueous systems
« Generation of other gases is possible depending on chemistry

« Thermal runaway is possible in some non-flow batteries

Due diligence is necessary for any battery to
understand degradation and failure modes
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Current approaches to safety enhancement v

Safety and reliability are connected to electrochemistry of materials, cell-
level interactions, packaging, control architecture, overall engineering

Research typically siloed:

Cell Level
(MatSci, Chem, ChemE)

* New positive electrode chemistries

* Non-flammable and solid electrolytes
Electrode coatings

Overcharge protection

Higher melting separators
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Safety developments beyond cell materials -
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Kshetrimayum et al. Appl. Therm. Eng. 2019, 159, 113797. https://avidtp.com/battery-management-systems-bms/ Frank, N. Li-ion Tamer. ESS Safety and Reliability Forum, 2019.
Battery spacing Battery management system Advanced failure detection
vent &,
https://www.solarpowerworldonline.com/2017/04/trinabess- Hoff, M. GSS Design for Safety. ESS Safety and Reliability Forum, 2019.

introduces-trinamega-large-scale-storage-solution-u-s-market/

Suppressants Deflagration venting

/‘ (l t vs. water)
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Understanding component interdependency is key to safety

No one material or device is the silver bullet

The key is understanding how they interact with one another

[k H H H
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Image Credit: David Rosewater
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Safety considerations incorporate diverse issues

« Siting (location, protection, egress/access, separation)

« Ventilation, thermal management, exhaust

« Interconnection with other systems (electrical, non-electrical sources)

« Fire protection (detection, suppression)

« Containment of fluids (from ESS and incident response)

« Signage

(@PES
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Analysis methodologies to enhance safety :

Approaches involve qualitative/quantitative risk assessment or hazard mitigation analysis
« Each has pros and cons

* Applicable to any ESS (e.g. Li-ion or flywheel)

Probabilistic Risk Assessment Systems Theoretic Process Analysis
Accidents  happen  because the Accidents happen when component
components of a system fail interactions violate safety constraints

-
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Probabilistic risk assessment

Accidents happen because the components of a system falil

Analysis answers three questions: Evaimples Fault Tree: |

1. What can go wrong?
2. How likely is that?
3. How bad would that be?

BMS Fails

Techniques: Fault tree, FMEA, etc.

Where it works
* Lots of historical knowledge on failure modes

Problems
« Hard to apply in early products
* Probability assessment can be subjective System Fire

( IEEEEs Image Credit: David Rosewater
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Example: failure modes and effects analysis -

Hazard Probability, Expected Value

System doesn't
operate safely

through II Independent
e;::gte: TSy Fire Safety incident BMS testing  temperature 3,10 30
temperature sensor

operating range

Battery Cell Group of failures Fire Safety incident ézl:iiz Fire alarm 3,9 27

Inverter fails to

detect/react to Loss of Power output Rely on
over temperature function de-rating supplier
IGBTs

Inverter

3,4 12

( EEEEs Table Credit: David Rosewater I
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Systems theoretic process analysis

System = collection of interacting control loops

Accidents happen when component interactions violate safety constraints

Analysis answers three questions:
1. What are hazardous control actions?
2. What are the causal factors?

3. Unsafe interactions between multiple controllers?

Where it works
* New development of complex systems

Problems

« Complexity and volume of results can
make it unmanageable

(Eiss
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Example Control Structure
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Regardless of the analysis approach... »

Not a box checking exercise for code compliance
» All relevant codes/standards are applicable regardless of assessment conclusion

« Codes and standards are a starting point

Not about manipulating the numbers to pass requirements

« Does not serve anyone in the end

e o EGENER. IEEE



Limitations of codes and standards 21

Standards developed in working groups using accident data + operational experience

» Useful for specific guidance for most common accidents
« Slower to respond to new technologies, applications, and hazards

Insufficient to prevent accidents, but still critical

 Difficult to judge quality of full system safety analysis, but easy to check if
system complied with standard

Leill s& y UL 1642, IEC 62619

Compliance to standards

VS R - ,‘(l..»vl
/‘ Hund redS Of pageS Of analySiS iu s Source: Saft, Seanergy Battery System Datasheet
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Accidents are still happening — what’s missing?

23 ESS fires in South Korea since 2017 = ~500 ESS units shut down in Jan. 2019

Gaps identified in what may best be described as “Random errors in design, installation”
» Faults developed in installation (e.g. wiring)
« Limited protection against electrical shocks (e.g. ground faults)
» Poor integration between battery/energy/power management systems
 Inadequate environmental control (e.g. humidity/temperature swings degrade electronics)

Outcome was Li-ion battery fires, but causes are not battery-specific
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Accidents are still happening — what’s missing?

“One of the major lessons learned from [that] project and others was the idea of "Day two"
management and anticipation, in other words, how will maintenance look once the project itself is
completed?”

- National Grid (Utility Dive, Feb. 2020)

Preventative maintenance may help identify reliability issues that crop up after initiating
operation

Limited emphasis in standards (so far)

Possible approach:

» Create list of faults linked to leading indicators

* Determine if indicators are tracked in current systems
* Finalize check-list of indicators



Conclusions

« Many research efforts to enhance safety at both battery and system level

* No silver bullets; everything needs to be properly integrated
* Need to analyze degradation/failure modes of any battery, even if not Li-ion
» Adherence to codes and standards is the minimum

* Need risk assessment/hazard mitigation analysis for integrated system

« Moving beyond Day 1: what does maintenance look like after the project is

completed?
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