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PFAS and other compounds
in solar panels, wiring, and coatings

Renewable energy should offer more than promises that it is good for the environment.
The solar industry promotes photovoltaic (PV) technology in the most wholesome
terms: generating clean, free power from the sun. This benevolent assessment poten-
tially omits environmental impacts during the manufacturing, operational lifetime, and
disposal of solar panels and battery storage systems. Host towns need proof, not simply

promises, when evaluating how solar projects may affect their residents and environ-
ment, both now and in the future.

Introduction

In July 2021, the Town of Avon, New York adopted Local Law 3 of 2021. This prece-
dent-setting amendment to the local solar law prohibits using solar panels that “utilize
or contain any amount of GenX chemicals or polyfluoroalkyl (PFAS) substances.”! This
position aligns with state and federal laws protecting our water supply. For the long-
term safety of Coxsackie residents, Hecate Energy (Hecate) and its successors should
agree to a Certificate condition that prior to construction, Hecate will provide documen-
tation verifying that the solar panels and associated electrical equipment used to con-
struct the Greene County Solar Facility (the Facility) do not contain per- and polyfluoro-
alkyl substances (PFAS), including PFOA, PFOS, and GenX chemicals.

" https://www.avon-ny.org/PDFs- -Town%20Clerk/Il3-2021.pdf
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We would like to believe that Hecate’s commitment to our town’s public health and
safety, as well as their desire to avoid potential future liability, would encourage them
to give these comments careful consideration. Hecate must rely on manufacturers’ data,
which may not be fully transparent for solar panels and lithium-ion batteries, especially
when they are manufactured outside of the United States — in this case often in China.

This Certificate condition would help safeguard our soil, surface waters, and ground-
water from potential contamination. While such protection would help protect Sleepy
Hollow’s water supply, it provides important safeguards for all residents living in the
vicinity of the Facility. Hecate and the Town of Coxsackie should perform pre- and
post-installation soil and water testing, with annual monitoring. In addition, the in-
staller should fund an escrow account for the Town to hire an independent, certified
third-party laboratory for soil and water testing.

PFAS and related compounds

According to the National Institute of Environmental Health Sciences, perfluoroalkyl
and polyfluoroalkyl substances (PFAS) are toxic, persistent, and bicaccumula-

tive.2 These synthetic fluorochemicals were first developed in the 1930s and have
strong carbon-flourine bonds that make the structure repel both oil and water.? The
Green Science Policy Institute details that these manmade chemicals are widely used in
building materials such as paints, cleaning products, non-stick coatings, sealants, tapes,
wire coverings, glass, solar panels, and batteries.* PFAS is commonly found in foam
used to extinguish electrical fires.

These “forever chemicals” have been linked to cancer and other health issues. Certain
PFAS do not break down easily, causing them to remain indefinitely in the soil and wa-
ter. Their potential hazard and persistence in the environment may pose a cumulative
danger to public health. PFAS comprise a group of compounds, including PFOA, PFOS
and GenX chemicals. The United States Environmental Protection Agency (EPA) has

2 htps://www.niehs.nih.gov/health/topics/agents/pfc/index.cfm
*hitps://www.nature.com/articles/d41586-019-00441-1

4 https://greensciencepolicy.org/docs/pfas-building-materials- 2021, pdf
* https://www.gao.gov/assets/gao-21-421.pdf
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identified that the potentially toxic and carcinogenic nature of many of these chemicals
demands careful evaluation.®?

The disposal of PFAS-containing materials is problematic, as evidenced by the recent
cleanup and lawsuits filed against Noralite Hazardous Waste Facility in Cohoes, New
York 8 In July 2021, the village of Hoosick Falls reached a $65 million settlement with
Saint-Gobain, Honeywell International, 3M, and DuPont for PFOA contamination of
their groundwater that affected at least 544 private wells.? Unfortunately the water re-
mains contaminated, and the plant that used PFOA chemicals has been declared a Su-
perfund site.

PFAS legislation in New York State

[n 2016, the NYS Department of Environmental Conservation (DEC) issued a regulatory
impact statement to 6 NYCRR Part 597 adding PFOA and PFOS as hazardous sub-
stances. This ruling was adopted by the DEC in March 2017.1° In July 2020, NYS passed
S.8817 and A 4739-C, which ban the use of PFAS in food packaging.!' And in August
2020, the NYS Department of Public Health (DPH}) voted to set the maximum contami-
nant levels (MCLs) at 10 parts per trillion (10 ppt) for both PFOA and PFOS in our
drinking water supply.12 NYS legislation permits the DPH to require that public water
systems are tested for the contaminants and ensure that elevated levels are addressed.!?

6 https://www.epa.gov/pfas/basic-information-pfas

T https://www.epa.gov/assessing-and-managing-chemicals-under-tsca/risk-management-and-polyfluoroal-

kyl-substances-pfas

8 tal-re

b
https://pfasproject.com/hoosick-falls-new-york/

W hitps://www.dec.ny.gov/regulations/104968. htm!

' https://www.nysenate.gov/legislation/bills/2019/58817
Y https.//www.health.ny.gov/environmental /water/drinking/docs/water_supplier_fact_sheet_new_mcls.pdf

Y https://news.bloomberglaw.com/environment-and-energy/new-york-moves-on-some- of -strictest-pfas-
drinking-water-limits
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PFAS legislation in other states

North Carolina is among the top three states for solar development. By February 2018,
residents and the state were questioning the presence of PFAS in solar panels.'* The
North Carolina State Journal reported that EPA physical scientist Dr. Mark ]. Strynar pro-
vided 39 records from the SciFinder database used by the EPA to identify applications
of PFAS with solar panels.’> In August 2018, The Carolinn Journal reported that the EPA
confirmed that PFAS are used in solar panel production.’6 While studies may not be
conclusive, the lack of definitive conclusions and transparency raises concerns.

In December 2020, Marc Fitch of the Yankee Institute reported that the Connecticut De-
partment for Health was concerned about PFAS in solar panels.'” “We've asked the
question, have received some information, and have also received some push-back
when we ask those questions about whether these panels contain PFAS and different
PFAS chemicals.” It is the lack of answers and documentation that is troubling and
raises questions of the long term impact of solar panels and battery storage on our soils
and drinking water.

PFAS Federal legislation

Federal regulations surrounding PFAS are being adopted rapidly, and further re-
strictions at the national level are expected. US Representative Debbie Dingell (D-MI-12)
sponsored Bill H.R.2467, PFAS Action Act of 2021, to “establish requirements and incen-
tives to limit the use of perfluoroalkyl and polyfluoroalky! substances, commonly re-
ferred to as PFAS, and remediate PFAS in the environment.”1® The Bill passed the
House July 21, 2021 and is awaiting a vote in the Senate.® The Executive Office of the
President and other advocacy groups such as Consumer Reports support passage of the

" https://nsjonline.com/article/2018/02/solar-panels-could-be-a-source-of-genx-and-other-perflourinated-
contaminants/

% https://nsjonline.com/wp-content/uploads/2018/02/perfluoro-and-solar-panels-Refer
ence_02_15_2018_120238-002.pdf

' https://www.carolinajournal.com/news-article/epa-confirms-genx-related-compounds-used-in-solar-pan
els/

" https:/fyankeeinstitute.org/2020/12/03/department- of- public-health-concerned-about-pfas-in-solar-pan-
els-near-drinking-water/

" https://debbiedingell.house.gov/news/documentsingle.aspx?DocumentID=2975
" https://www.congress.gov/bill/117th-congress/house-bill/2467

Saving Greene: PFAS 23 September 2021 Page 4 of 11



Bill. 20.21 Additionally, the Environmental Protection Agency (EPA) proposes reporting
and record-keeping requirements for PFAS under the Toxic Substances Control Act
(TSCA).2

The August 3, 2021, National Law Review included an article by John Gardella of CMBG3
Law in Boston. He concludes that while the US Senate vote has not been determined,
that “the pressure is on the EPA to take regulatory action well beyond just drinking wa-
ter, and companies absolutely must begin preparing now for regulatory actions that will
have significant financial impacts down the road.”?3

PFAS in solar panel and battery manufacturing

Despite industry and a few academic assurances to the contrary, broad research consist-
ently indicates that PFAS chemicals are used in solar panel and battery manufacturing
and installation. PFAS is found in the coatings on electrical wires, backing panels,
tapes, and adhesives.

Of particular concern is the use of PFAS in anti-reflective coatings (ARC) and anti-soil
coatings (ASC) that are used to increase solar panel productivity. Material and Data
Safety Sheets detail the contents of products manufactured in the United States. How-
ever, at this time, China is the major supplier of polysilicon? solar panels and batter-
ies.Z3 Accountability and transparency for materials and products made outside of the
United States is questionable. In june 2021, the Biden administration banned import and
use of certain solar energy materials and products from China due to the country’s use
of forced labor and genocide at polysilicon mines 26

Two types of solar panel coatings are commonly used: anti-reflective coatings (ARC)
and anti-soil coatings (ASC)

B https/ /www.whitehouse.gov/wp-content/uploads/2021/07 /HR2467 SAP-Final.docx pdf?source=email

2l https://advocacy.consumerreports.org/press_release/house-votes-to-approve-the-pfas-action-act-hr-
2467/

2 https//www.epa.gov/assessing-and-managing-chemicals-under-tsca/risk-management-and-polyfluoroal-
kyl-substances-pfas

23 https://www.natlawreview.com/article/congress-presses-forward-pfas-measures
24 https://www.solarpowerworldonline.com/2021/05/no-avoiding-it-now-soon-the-top-4-polysilicon-manu-
facturers-will-be-based-in-china/

s/ www,

ionf?s 0

“® https://www.ecowatch.com/china-solar-panels-ban-biden-2654961710.htm
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Anti-Reflective Coating (ARC)

A bare silicon glass surface may have a reflection index of more than 30%.27 Anti-reflec-
tive coatings (ARC) are used to increase solar panel productivity by adding a dielectric
coating on the glass surface. This coating textures the glass surface, which results in spe-
cific bands of wave lengths to be trapped inside the panel where they can generate ad-
ditional electricity by coming in contact with the photovoltaic cells.

In their Application Appendix 15-A: Glare Analysis, Hecate Energy states that the pan-
els they expect to use will have an anti-reflective coating, presumably to increase effi-
ciency.

Anti-5oil Coating (ASC)

Dust and dirt can foul the panel surface and hinder the conversion of light to electricity.
To maintain steady performance, the panel’s surface must be cleaned regularly. Current
manual or robotic cleaning methods are expensive and inefficient.

The hydrophobic qualities of ASCs create a non-stick surface that promotes water shed-
ding, resulting in “self-cleaning™ solar panels. This coating is applied to the front facing
glass surface at the time of manufacture. The water-repelling surface promotes water
cohesions, allowing the water droplets to form fully with minimal surface contact. This
enhances water droplet shedding and in the process removes dust and dirt from the
surface of the panel. ASCs help decrease maintenance costs while increasing the elec-
tricity generated. It can be reapplied in the field with products such as 3M AS Liquid
600.28

ASC is typically manufactured with either silicon dioxide (5iO2) or titanium dioxide
(TiO2) nanoparticles combined with long chains of fluoropolymers. While SiO2 may be
inexpensive it is less durable to environmental elements. TiO2 appears to be more stable
and is reported to be more frequently used for solar panel ASC.

There are increasing concerns about the negative impact of TiO2 on the environment
and human health. In December 2020, California announced the review of titanium di-
oxide nanoparticle classification under their Safe Water Act Proposition 65.%

Gohar Dar’s book TiO2 Nanoparticles, published in February 2020, includes a chapter on
“Toxicity of TiO2 Nanoparticle”. This research indicates that lung tumors are found in

7 hitpsy/ /www.pveducation.org/pvedrom/design-of-silicon-cells/anti-reflection-coatings
% hitps:/fwww.coatingsworld.com/issues/2012-10/view_paint-amp-coatings-manufacturer-news/3m-rolls-
out-pv-anti-soiling-coating/

» https://www.paintsquare com/news/?fuseaction=view&id=23184
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mice that have had long term exposure to TiO2.* Chapter 2: “ Applications in Nano-
biotechnology and Nanomedicine” research indicates safety concerns regarding
TiO2 nanoparticles on aquatic species.?

While the potential for titanium dioxide nanoparticles to contaminate our soils is not
conclusive, the possibility warrants further investigation. The evidence appears to be
mounting, and the developer should carry the burden of proof.

Research papers call for caution and further study of ARC and ACS on solar panels. Na-
tatajan Shanmugam’s May 2020 study “ Anti-Reflective Coating Materials: A Holistic
Review from PV Perspective,”? published in Energies, provides a 98-page comprehen-
sive report. On page 67 the author states: “The implementation of ARCs on the solar cell
would suppress the reflection, and in turn, enhances the PCE, [power conversion effi-
ciency] but their durability with continuous exposure to the environment and perfor-
mance degradation characteristics are some novel areas where research is required.”

ARC and ASC resist some stresses, but not others:

[T]he coatings may resist the harsh environmental stresses such as damp heat and hu-
midity freeze, but they are susceptible to damage under UV exposure. XP5 analysis
revealed a clear reduction in fluorine in the composition of the coaling after exposure
to UV and outdoor testing, 3

Kenan Isbilir's 2019 thesis at Loughborough University studies the “performance and
durability of anti-reflective and anti-soiling coatings on solar cover glass”* His thesis
investigated the durability of commercially available two types of single layer (ARC1

and ARC2) and one multilayer anti-reflective (MAR) commercially available coatings,
as well as ASCs. After testing several coatings, he concludes that:

The durability of these coatings against UV light and abrasion resistance would need to be im-
proved if they are to be applied to PV cover glass.

In 2020, Gizelle C. Ochler found that certain ASC break down in as little as two weeks:

30 https://onlinelibrary.wiley.com/dai/abs/10.1002/9783527825431.ch2
3 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3720578/

%2 https://www.researchgate.net/publication/341556138_Anti-Reflective_Coating_Materials_A_Holistic_Re-
view_from_PV_Perspective

3 https://www.researchgate.net/publication/329506058 _Testing_of_an_Anti-Soiling_Coating_for_PV_Mod-
ule_Cover_Glass

3 hitps://repositorylboro.ac.uk/articles/thesis/The_performance_and_durability_of_anti-reflective_and_anti-
soiling_coatings_on_solar_cover_glass/8132048/1
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Surprisingly, the coatings began to degrade quickly, and the effect was clear after only two
weeks of exposure. Degradation resulted in decreasing water contact angle and increasing roll-
off angles. As observed by Bhaduri et al., the degradation was much faster than anticipated
because the outdoor environment combines the stresses tested in the laboratory [31]. Degrada-
tion was caused by a number of mechanisms including solvent release, fluorine loss, thinning

of the coating, and increasing surtace macro-roughness, 3

The location or accumulated amounts of the degraded chemicals is not discussed in
these studies. It is logical to assume that the chemicals sloughing off with the rainwater
are deposited into the underlying soil, groundwater and aquifers. The cumulative effect
of tens of thousands of solar panels for 35 or more years would most likely permanently
contaminate the site’s groundwater, soil, and stormwater runoff. If coatings are reap-
plied during the projects lifetime then additional concerns are raised. How is the
ground protected during reapplication? How often is the coating reapplied to the pan-
els on site? Improper disposal of broken and decommissioned solar panels may perma-
nently contaminate landfills and any nearby aquifers. If regulations continue to become
more restrictive, how will the panels be disposed of, and is the decommissioning fund
adequate?

Millions upon millions of solar panels will be used and disposed of within New York
State during the next two decades. Periodic upgrades and damage or defects will need
to be addressed long before the end of the project’s life.* Developers should carry the
burden of proof that their materials and products do not contain PFAS. Towns and tax-
payers should trust but verify all materials provided by the developers. The people can-
not afford the risk that solar panels and storage batteries may contaminate our drinking
water and soil, either upon installation, during use, or during disposal. It seems doubt-
ful that developers’ required liability coverage would be sufficient for a large-scale
PFAS cleanup project.

in June 2021, Niagara County adopted an Extended Producer Responsibility (EPR) law
to protect their landfills from being overburdened by the disposal of solar panel waste.
The law requires “producers of solar panels sold in the county to finance and manage
their safe reuse and recycling when decommissioned.”37 Phone calls to Greene and Co-
lumbia county landfills have not provided confirmation that they will accept large
quantities of solar panels, either today or in the future. One company suggested contact-
ing We Recycle Solar, which is located in Arizona. State and federal laws for PFAS are

3 https://repository.lboro.ac.uk/articles/journal_contribution/Testing_the_durability_of_anti-soiling_coat
ings_for_solar_cover_glass_by_outdoor_exposure_in_Denmark/11558853

% hitps://hbr.org/2021/06/the-dark-side-of-solar-power

3 htips://www.productstewardship.us/news/571089/Niagara-County-Passes-Nations-2nd-Solar-Panel-Pro-
ducer-Responsibility-Law.htm
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likely to become more numerous and stringent. The town and county should consider
the possibility of PFAS contamination from solar panels deposited in our local landfills
and require developers to prove that their installations will not include products con-
taining PFAS.

Industry Response

Manufacturers of ARC and ASC may understand the environmental concerns and tox-
icity risks of their products. A few companies are beginning to provide non-toxic coat-
ings. One company’s solution is a proprietary nanoparticle coating that is an environ-
mentally friendly.

WatiGlass has addressed and overcome many of the issues typical of other antireflec-
tive coatings (ARCs): things such as toxicity, shelf life, and durability. WattGlass is
happy to offer a non-toxic, water based, long shelf-life solution to existing ARC tech-
nelogies that is easily implemented as a drop in replacement.

Solar ARC surpasses the performance of conventional coatings and is resistant to par-
ticulate soiling while remaining non-hazardous and 100% water-based. Typically,
these coatings result in tradeoffs between performance and functionality and utilize
hazardous materials such as solvents, acids, and fluorocarbons. Not with WatiGlass.

If Watt Glass feels it is important to stress their environmentally friendly non-fluorocar-
bon solution again and again, it raises the obvious question: what are the other compa-
nies using, and how might their products harm our soil, water, and public health?

What’s next

On August 19, 2021, OxyChem announced that it was closing its Niagara Falls plant, the
site of America’s first major environmental disaster, Love Canal. In 1988, NYS Depart-
ment of Health Commissioner David Axelrod called the Love Canal incident a “national
symbol of failure to exercise a sense of concern for future generations.”*

Solar energy resources are marketed as an environmentally-friendly way to generate
electricity. However, research indicates that solar panels, coatings, wire coverings,
tapes, adhesives and batteries contain PFAS that may permanently harm our soils and
poison our drinking water.

3 hitps://www.wattglass.com/technology

3 https.//www.nytimes.com/1988/08/05/nyregion/after-10-years-the-trauma- of-love-canal-continues.html
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An October 2020 Bloomberg Law article provides insight into upcoming PFAS regula-
tions in relation to the Development of renewable energy in New York State.

Overall, along with the CLCPA, the new Siting Law and the expected PFAS regulations
fundamentally change long-standing environmental paradigms inn New York State. The
tlurry of regulations expected from Albany in the next few years will usher in a new era
of environmental regulation quite different frem today. Those well prepared for the
transition will be positioned to prosper from it, while those who are not will fall behind
or find their business plans or goals outdated or not fully achievable. 4

Conclusions

Renewable energy developers are responsible to their investors. Not the town. Not the
neighbors. And not the environment. Solar projects are held by individual LLCs whose
only asset may be an aging infrastructure built on leased ground. At time of decommis-
sioning —or evidence of contaminants —it is unlikely that there will be a deep-pocketed
corporation to bring the site into compliance with current or future EPA and DEC
standards.

The July 2021 ruling on the Fieldwood Energy, LLC bankruptcy case sets precedent that
previous oil well owners, and the insurance companies that issue them bonds, are re-
sponsible for the cleanup cost of wells.#1 Insurance company trends with oil and gas
may become the standards for the renewable energy sector, making it difficult and
costly to insure solar power plants.

Prior to construction, Hecate Energy should be held responsible to neighboring resi-
dents and Coxsackie’s municipal government by providing documentation that the so-
lar panels, coatings, and electrical infrastructure specified for the project do not contain
PFAS or other toxic chemicals. Attempting to remedy a “forever chemical” such as PFAS
contamination over more than a thousand acres of solar coverage would likely be im-
possible.

While there are a few alternative options that may be safer, these products are more ex-
pensive and are manufactured in smaller quantities. Utility-scale solar power plants re-
quire hundreds of thousands, if not millions, of photovoltaic panels at the time of instal-
lation. The ability to manufacture and deliver this quantity is limited to the very largest

40 https://news.bloomberglaw.com/environment-and-energy/impact-of-new-yorks-renewable-energy-per-
mitting-program-pfas-regulation

4 hitps://www.bondexchange.com/oil -industry-woes-lead-to-massive-changes-in-the-insurance-industry/
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suppliers, most of them based in China, where Material Data and Safety Sheets are lim-
ited and if provided the information is questionable.

Reputable solar panel manufacturing companies that freely provide Material Data and
Safety Sheets may be limited. Solar developers that provide toxicity guarantees on their
panels being free of dangerous chemicals may be even fewer. While the level of toxicity
of ARC and ASC may lack clarity, the coatings’ exposure to the elements and where the
sloughed-off chemicals will be deposited is not. The chemicals are likely to enter the soil
and groundwater.

When reviewing this Application, the Siting Board must not rely on good intentions. As
has been noted throughout this proceeding, multiple solar projects will be constructed
in the watershed of Sleepy Hollow Lake. Measures should be taken to determine that
panels, electrical infrastructure, and wiring for these projects is PFAS-free.

What we are discussing here is a matter of public health and safety, we encourage the
Board to require developers to provide specification sheets, and to describe preventive
measures, testing policies, and Material and Data Safety Sheets in order to protect Cox-
sackie public health and to protect the town from future liability. Preventative
measures — not after-the-fact remediation —are the answer to avoiding PFAS contamina-
tion of soil, stormwater runoff, drinking water, and aquifers surrounding the project.
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Per- and polyfluoroalkyl substances (PFAS) are extremely persistent manmade substances. Apart from exposure
through food and indoor air and dust, humans can be exposed through drinking water if the surface or
groundwater is contaminated. In 2013 very high levels of PFOS and PFHxS were found in the drinking water
from one of the two waterworks supplying the municipality of Ronneby, Sweden.

A cohort was formed, including all individuals who had lived at least one year in Ronneby during the period
1980-2013 (163,000). Each year, addresses that got their drinking water from the contaminated water works
were {dentified. Through the Swedish personal identity number, each individual was linked to registers pro-
viding diagnoses and prescriptions for hyper- and hypothyroidism.

In total, 16,150 individuals had ever been exposed. The hazard ratios did not indicate any excess risk of
hyperthyroidism among those with contaminated water. For hypothyroidism, the risk of being prescribed
medication was significantly increased among women with exposure during the mid part of the study period (but
not men). However, the association with period of exposure was non-monotonic, so the significance is con-

sidered to be a chance finding. Our research was limited by the relatively simple exposure assessment.

1. Introduction

Per- and polyfluorcalkyl substances {PFAS) are manmade sub-
stances, first produced in the 1940s. The widespread use of these sub-
stances, which are extremely persistent, resisting both physical and
biological degradation, has led to global environmental contamination,
The primary sources of PFAS exposure in humans are food and indoer
air and dust; but also drinking water may contribute, Boiteux et al.
{201 2), Ericson et al. (2009), Hu et al. (2019). Contamination from
production facilities and firefighter training locations has led to sub-
stantial exposure through drinking water in localized general popula-
tions, Steenland et al. (2009), Guelfo and Adamson (2018) and Ingelido
et al. (2018).

The impact of PFAS on wildlife and humans is inadequately un-
derstood. Animal experiments have shown effects on the reproductive,

immune and hormone systems, and on blood lipids and liver function,
Both acute studies and repeated dose toxicity studies have shown that
perfluorcoctane sulfonate (PFOS) decreased the serum levels of thyroid
hormones triiodothyronine (T3) and thyroxine (T4), Knutsen et al.
(2014) and the US National Toxicology Program has concluded that
perfluorohexane sulfonic acid (PFHxS) induced decreased thyroid
hormone levels, Minnesota Department of Health (2019). Epidemiolo-
gical studies, mainty with (low) exposure levels that are prevalent in the
general population, indicate that there may also be effects in humans.
Recently, the European Food Safety Authority published a provisionat
scientific opinion where the preliminary tolerable weekly intake was set
as low as 13 ng/kg body weight per week for PFOS and 6 ng/kg body
weight per week for perflucrooctanoate (PFOA), Knutsen et al. (2018).

The associations between PFAS exposure and alterations of me-
chanisms involved in thyroid homeostasis are complex, and PFAS have
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been indicated to interfere at several levels, but knowledge of the ef-
fects and underlying mechanisms is still limited.

Several cross-sectional studies exploring the associations between
different per- and polyfluoroalkyl substances and thyroid hormones
have been performed in general populations with low exposure levels,
but overall, findings on alterations to hormonal levels are not con-
sistent, Knutsen et al. (2018). Regarding actual thyroid disease, only a
few studies are available. Analysis of data from the U.S, National Health
and Nutrition Examination Survey (NHANES) showed an association
between self-reported currently treated thyroid disease and serum
perfluorooctanoate (PFOA) in females, and a similar association with
serum perfluorooctane sulfonate (PFOS) was reported for males, Melzer
et al. {2010). In another NHANES-based study, positive associations
between PFOS-levels and subclinical hypothyroidism were observed in
men and women; for PFOA (and PFHxS) in women only, Wen et al.
(2013). The American C8 population has high exposure to PFOA in
drinking water from a chemical production plant: median serum level
28 ng/mL, and for the water district closest to the plant it was 224 ng/
mL, Steenland et al. (2009). In contrast, serum levels for PFOS and
PFHxS were comparable to those in the general US population, Gallo
et al. (2013), Webster et al. (2016). In the main C8 cohort study, in-
cluding over 32,000 subjects, there was some evidence of increasing
hazards with increasing modelled PFOA exposure, both for hyper- and
hypothyroidism, strongest among women, Winquist and Steenland
(2014}

In summary, knowledge of the effects and underlying mechanisms
of PFAS on thyroid function and thyroid disease in human are still
limited. Knowledge on causal associations between environmental
contaminants and health outcomes is important for public health and
for regulatory purposes, but also for risk communication in commu-
nities that actually have had high exposure. The C8 studies have pro-
vided information regarding thyroid outcomes after high exposure to
PFOA, but hitherto no studies have explored the risk after high ex-
posure to PFOS and PFHxS.

The aim of this study is to elucidate the association between his-
torical exposure to PFAS and the incidence of thyroid disease in a
general population with long-term high exposure to PFHxS, PFOS and
to a lesser extent PFOA through drinking water.

2. Materials and methods
2.1, Study area

In December 2013 high levels of PFAS were detected in one out of
two waterworks in Ronneby, Sweden, a municipality with 28,000 in-
habitants: PFOS and PFHxS levels in the contaminated water works
were 8000 and 1700 ng/L, compared to 27 and 4.6 ng/L in the un-
contaminated water works, Li et al. (2018a). The source of con-
tamination was fire fighting foams (Aqueous Film-Forming Foam,
AFFF) used since the mid-1980s at a military air field practice site,
Iocated approximately 2km from the waterworks. When the con-
tamination was discovered in December 2013, clean water was
promptly provided from the other waterworks. However, the exposed
population will have elevated intemnal body burden of PFAS for dec-
ades, due to the long half-lives, Li et al. (2018a). Biomonitoring in the
population has revealed very high serum level of PPHxS, PFOS and to a
lesser extent PFOA: median levels were 257 ng/mL (PFHxS), 280 ng/mL
(PFOS) and 15 ng/mL (PFOA) in the group with late exposure (con-
taminated water at home at least one year during 2005-2013),
Supplemental Material Tables §1 and §2. The contaminated waterworks
supplied 1/3 of the households. One area (Kallinge) was supplied from
the contaminated waterworks during the entire study period.

2.2. The cohort

The cohort consists of everyone ever registered as living in Ronneby
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municipality during 1980-2013 (63,074 persons, 33,218 men and
29,856 women). Information on the registered yearly addresses, vital
status, and emigration were obtained from Statistics Sweden (www.sch.
s¢). Information on education level, a time-varying variable, was
available from Statistics Sweden for almost 80% {49,570} of the cohort
members, at least for some years in the study period.

This is an open (dynamic) cohort, defined as people who have lived
in Ronneby municipality at any time during the time period
1980-2013. A person's follow-up is censored at the event (diagnosis or
prescription), at emigration or at death. Since the date for both diag-
nosis and prescription is based on the personal identity number and
national registries, the study method will collect a person's first event
no matter where they reside in Sweden. Thus, every person who once
was registered as residing in Ronneby will be followed until censored or
end of study follow-up.

2.3. Exposure assessment

The municipal water company provided information on yearly
water distribution which was linked to the individual's yearly address
data. Thus, for each year (1980-2013) we know which residential ad-
dresses were provided with water from the contaminated waterworks.
Extensive testing of private wells have not disclosed high PFAS levels;
thus, addresses without municipal water supply were assumed to have
uncontaminated water, as were residences outside Ronneby munici-
pality. Statistics Sweden also provided address for the work place for
subjects gainfully employed, thus providing information about water
supply at work. However, in many cases the work place address reflects
the administrative address, rather than the individual's actual work
place. Since the data quality for residential address was much better
than work place address, the main results will be for exposure at re-
sidential address.

There is no clear information on start of the drinking water con-
tamination; i.e. when the contaminated ground water plume reached
the water wells. At present we have tentatively set 1985 as start of
expostire, based on information on the use of AFFFs at the airfield. A
dichotomous exposure variable was defined as “not exposed at home”
all years when the person lived at unexposed address, and “ever ex-
posed” from first year that the person moved to an exposed address.

We consider that PFAS levels in the drinking water were lowest
during the early part of the observation period. The drinking water
exposure for the same individual can differ over time since individuals
can move, both within Ronneby and in/out of Ronneby. Thus, in ad-
dition, a four-category time-based variable was defined. Exposure
during different decades was denoted as “not exposed” (1980-1984),
“early” (1985-1994), “mid” (1995-2004) and “late” {2005-2013). A
person’s exposure classification could change over time. “Exposed”
during a decade was defined as living at least 1 year at an address with
PFAS contaminated water (individuals with private wells excluded).
“Not exposed” during a decade was defined as never living at address
with PFAS contaminated water (Supplemental Material Table 53).

The PFAS serum levels in 3475 subjects from Ronneby (sampled in
2014-186) were used to compare the categories “not exposed” and “ever
exposed, Li et al. (2018a). The participants’ self-reported yearly ad-
dresses were linked to water distribution data. By exposure group, there
were marked differences between subjects in Ronneby who never lived
in the contaminated area (median for PFOS and PFHxS was below
60 ng/mL, and median PFOA was =5 ng/mL) and subjects in Ronneby
living at least a year in the contaminated area {median for PFOS was
above 200ng/mL, median for PFHxS was above 170ng/mL, and
median PFOA around 12ng/mL), but the inter-individual variation
within the exposure groups was high (Supplemental Material Tables S1
and 52).
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2.4. Qutcome

All information on outcomes was obtained from the National Board
of Health and Welfare (www.socialstyrelsen.se), using the personal
identity number for linkage to the cohort data. The end of follow-up is
2013-12-31. The cause-of-death register, in function since 1961, in-
cludes all people registered in Sweden (both in-country and out of
country deaths). Stillborns are not included. Diagnoses are given using
ICD (International Classification of Disease) codes, version 8, 9 and 10.
The Swedish National Patient Register includes all in-patient care in
hospitals from 1987. Since 2001, the register also contains outpatient
hospital visits from both private and public care givers. Validation of
the inpatient register has shown a high validity for many diagnoses,
Ludvigsson et al. (2011). The Swedish Prescribed Drug Register started
in mid-2005. Tt covers all prescribed drugs sold and dispensed at
Swedish pharmacies to patients with a personal identity number. In-
formation about the preseription including Anatomic Therapeutic
Chemical (ATC) code, date of prescription, the cost, the date of dis-
pensing and the prescriber and their workplace is available. Data from
the first year identifies both ongoing and new prescriptions, thus we
only used data from 2006 to reflect new prescriptions.

The Prescribed Drug Register also has information on prescriptions
from each primary health care (PHC) unit. We obtained aggregated
yearly data on the total number of patients with prescription {who also
purchased the medication) for hyperthyroidism and hypothyroidism
respectively, for the period 2009-2016. Data were from the PHC unit in
the hot-spot area (Kallinge), and from the three PHC units in other areas
of Ronneby with nc or only partial drinking water supply from the
contaminated waterworks. Prescription data from three PHC units in
Karlshamn, a nearby municipality with non-contaminated water, was
also obtained. The number of registered patients at each PHC unit per
year was obtained from Region Blekinge.

For hyperthyroidism we included diagnoses ICD8/9: 242 and ICD10:
EO05, Supplemental Material Table S4. When defining a diagnosis event,
both primary and secondary diagnoses were taken into account. Cor-
respondingly, both primary and secondary causes of death were used.
For prescriptions we included ATC: HO3B, Supplemental Material Table
54. All the information available for events indicating hyperthyroidism
was scrutinized independently by two physicians (DSO, ass. Professor in
Endocrinology, and KJ, specialist on occupational and environmental
medicine). Eight cases, due either to thyroiditis during pregnancy or a
probable false coding, were disregarded. There were 456 persons with a
diagnosis, 171 persons with a prescription and 158 persons with both
(Table 1).

We assumed that even if patients may be diagnosed at a PHC unit,
they regularly were referred to endocrinologists for treatment. Thus,
from 2001, the combination of in-patient- and out-patient data from
hospitals likely captures most cases of hyperthyroidism without

Table 1
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substantial delay. For the period before 2001, covered only by in-pa-
tient data, there may be cases entirely missing, and cases identified
through secondary diagnosis are likely to have had an earlier start of
disease. 1dentification of hyperthyroidism based on prescription data
alone is not meaningful, since patients treated with radio-active iodine
or thyroidectomy will not be identified. Therefore a combination of any
event from 2006 is considered to have the best coverage, but the
drawback is a too limited number of cases due to the short observation
time and the low incidence of the disease. Our predetermined priority
order for analysis of hyperthyroidism is 1) first of any event (diagnosis
or prescription) and 2) first diagnosis.

Por hypothyroidism we included diagnoses ICD8/9: 243-244 except
244,00 and 1CD10: EQ1-E03, Supplemental Material Table $4. All di-
agnoses, not only primary diagnosis, were used for defining a diagnostic
event. Correspondingly, both primary and secondary causes of death
were used. For prescriptions we include ATC: HO3A, Supplemental
Material Table S4. If a hyperthyroidism event preceded a diagnosis or
prescription indicating hypothyroidism, or if a diagnosis of radioiodine
treatment or dysthyroid exophthalmos was present, the hypothyroidism
case was assumed to be secondary to hyperthyroidism, and disregarded
after careful scrutinization of all available data (74 cases). In the ana-
lysis (the period 2006-2013), there were 642 persons with a diagnosis,
1240 persons with a prescription and 283 persons with both (Table 2).

For hypothyroidism, we assumed that patients usually were diag-
nosed at PHC units, and usually not referred to endocrinologists for
treatment. Many cases of hypothyroidism are likely to appear as sec-
ondary diagnoses in patients seeking care for other reasons. The com-
bination of in-patient and out-patient data from hospitals from 2001
will capture some, but not all, cases of hypothyroidism. Thus, most
cases identified in the patient registries have an earlier start of their
disease, and this will be even more so during the period with only in-
patient data. This also means that both the duration of exposure and the
exposure at the time of diagnosis can be overestimated. Prescription
data comrectly identifies medical treatment for hypothyroidism from
2005, but only new prescriptions from 2006 can be included for ana-
lysis of incidence. Our predetermined priority order for analysis of
hypothyroidism is 1) first prescription from 2006, to 2) first of any
event (diagnosis or prescription) from 2006.

2.5. Statistical analysis

The association between thyroid disease and exposure to PFAS in
drinking water (defined as living at an address with municipality water
from the contaminated waterworks) was estimated using a Cox pro-
portional hazards model with calendar year on the time axis, and.

exposure (two or four categories) and age as explanatory variables
(and, in one sensitivity analysis, educational level). A test of trend in
exposure was performed by including the exposure variable as a linear

The Ronneby cohort (individuals ever living in Ronneby, 1980-2013). Number of cases and crude incidence (cases per 100,000 per year) of hyperthyroidism for

different calendar years. Primary diagnoses (p) are given in parenthsif.___

Calendar year at event
B80-84 a5-89 90-94 95-99 00-04 05" 06-09 10-13
Diagnosis
Men Cases (p) 8 (5) 9 (6) 4(2) 8 (6) 26 (20) 5(4) 15 (12) 26 (20)
[ncidence 10.2 10.7 44 8.1 24.3 22.3 16.0 26.4
Women Cases (p) 117 20 (143 28 (18) 34 (20) 76 (80) 12 {10) 76 (64) 98 (80)
Incidence 14.7 24.9 a2z 36.5 75.4 58.0 88.9 1099
Prescription
Men Cases - - - - - 7 10 16
Incidence - - - - 31.2 10.7 16.3
Women Cases - - - - 23 54 61
Incidence - - - - 111.2 63.3 68.7

* Prescription register started in 2005.
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Table 2
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The Ronneby cohort (individuals ever living in Ronneby, 1980-2013). Number of cases and crude incidence (cases per 100,000) of hypothyroidism for different

calendar years. Primary diagnoses (p) are given in parenthesis.

Calendar year at event
80-84 85-89 90-94 95-99 00-04 0s* 0609 10-13
Diagnosis
Men Cases (p) 0 (0) 5(2) 4(2) 6(1) 19 (8) 3(0) 42 (6) 106 (11)
Incidence [} 6.0 4.4 6.1 17.8 13.4 44.7 107.7
Women Cases (p) 7 (1) 19 (1) 221(4) 33(2) 82 (41) 16 (7) 177 (34) 317 (40)
Incidence 9.3 23.7 25.3 35.5 82.4 774 207.1 355.4
Preseription
Men Cases - - - - - 235 137 161
Incidence - - - - - 1048.4 147.6 166.2
Women Cases - - - - - 1047 455 487
Incidence - - = - - 5063.8 564.3 587.6
* Prescription register started in 2005.
effect. The proportionality assumption was tested by testing if the in- Table 3

teraction term, exp*calendar_year, was significant (p < 0.05) (PROC
PHREG in SAS 9.4 was used).

All analyses were performed separately for men and women. A
minimum of 10 cases per stratum was required for any analysis. The
following sensitivity analyses were performed.

I. The water supply at the work place address was also considered, i.e.
“exposed” was defined as someone who had contaminated muni-
cipality water either at their residential address or at their work
place address.
IL The highest educational level was included as a covariate in the
analyses (cohort restricted to subjects 30 yrs and older).

Il. Secondary in- and outpatient-diagnoses and secondary causes of
death were excluded, aiming to capture only incident disease, not
prevalent diseases with first diagnosis from PHC or private care.

IV. In a set of alternative analyses, age was replaced by calendar year
on the time axis and the three decades (1985-1994, 1995-2004,
2005-2013) were allowed to have difference baseline hazards
(subcommand STRATA).

An ecological comparison of number of patients with prescriptions
(where the patient purchased the medication) for hyperthyroidism
(ATC = HO3B) or hypothyroidism (ATC = HO3A) was made between
Kallinge (one PHC unit), the rest of Ronneby municipality (three PHC
units) and Karlshamn (three PHC units). A generalized linear model was
used to analyze yearly aggregated prescription data (total number of
registered patients as an offset variable, Poisson distribution, log link,
PROC GENMOD in SAS 9.4).

2.6. Ethics approval

The study has ethical approval from the ethics Committee at Lund
University, Sweden (dnr 2014/267 and 2015/902).

3. Results

The Ronneby cohort comprises in total 63,074 subjects (47%
women). There were 456 individuals diagnosed with hyperthyroidism
and 171 individuals with a prescription. Further there were 858 in-
dividuals diagnosed with hypothyroidism and 2522 with a prescription.
Characteristics of the cohort before start of the exposure (1980), at
approximate start (1985), during the study period (1995 and 2005) and
at the end of the study period (2013) are given in Table 3,

3.1. Hyperthyroidism

The crude incidence of hyperthyroidism is higher among women

The Ronneby cohort (individuals ever living in Ronneby, 1980-2013), the en-
tire study period (1980-2013) and at different calendar years.

All Men Women
Entire  Number of persons 63,074 33,218 29,856
period  Ever exposed persons, either at 21,115 11,406 9709
home or at work/school (starting
—-85)
Ever exposed persons at home 16,150 8327 7823
(starding —85)
Ever exposed persons atr work/ 11,884 6860 5024
school (starting —85)
Person years from -80 1,303,876 673,859 630,017
Hyperthyroidism, diagnosis/death 456 101 355
Hyperthyroidism as primary 349 76 273
diagnosis/cause of death
Hyperthyroidism, prescription 171 33 138
Hypothyroldism, diagnosis/death 858 185 673
Hypothyroidism as primary 160 30 130
diagnosis/cause of death
Hypothyroldism, prescription 2522 533 1989
1980  Number of persons 29,478 15,087 14,391
Age (mean,std) 39.6; 23.3  38.1;228 41.1; 233
Children = 18yrs (% 22.5% 23.7% 21.3%
Ever exposed at home None None None
Bver exposed at home or work None None None
Ever exposed at work/school None None None
1985 Number of persons 32,042 16,378 15,664
Age mean std 40.2; 23.2 38.8;22.6 41.7; 238
Children = 18yrs (%) 19.8% 20.8% 18.8%
Ever exposed at bome 5100 2582 2518
Ever exposed at home or work 5613 2967 2646
Ever exposed at work/school 1690 1068 622
1995  Number of persons 37,254 19,125 18,129
Age 40.4; 225 39);21.7 41,8232
Children = 18yrs (%) 16.7% 17.3% 16.09%
Ever exposed at home 8658 4419 4239
Ever exposed at home or work 10,556 5N7 4839
Ever exposed ar work/school 4965 3069 1896
2005  Number of persons 43,092 22,416 20,676
Age 41.6; 21.6 40.5; 209 42.9; 22.3
Children = 18 yrs (%) 14.1% 14.3% 13.9%
Ever exposed at home 10,837 5543 5294
Ever exposed at home or work 14,670 7904 6766
Ever exposed at work/schoot 8863 5114 3749
2013  Number of persons 47,672 24,949 22,723
Age 43.1;21,6 42.3;20.9 44.0; 223
Children = 18 yrs (%) 13.6% 13.4% 13.9%
Ever exposed at home 13,267 6809 6458
Ever exposed at home or work 17,795 9569 8226
10,962 6229 4733

Ever exposed at work/school

(Table 1). The marked increase in incidence after year 2000 is ex-
plained by inclusion of hospital out-patients. Similarly, the spuriously
high *incidence” in prescriptions in 2005 (start year for the register) is
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Table 4

The Ronneby cohort (individuals ever living in Ronneby, 1980-2013). Result of
Cox proportional hazard regression for any event (first of diagnosis or pre-
scription) and diagnosis (morbidity or mortality) of hyperthyroidism during the
period 1980-2013. Exposure (PFAS-contaminated water at home address) was
classified into two or four classes.

Outcome Exposure Cases Personyears HR® 95% Q1
class *
Primary Any event *
Men Notexposed 87 535513 1
Ever 18 137,364 0.74 0.44-1.23
exposed
Women Not exposed 286 496,529 1
Ever 76 130,657 0.85 0.66-1.09
expased
Men Not exposed B7 535,513
Early 3 53,054
Mid 6 48,637
Late 9 35,673
Women Not exposed 286 496,529 1
Early 26 50,961 112 0.74-1.69
Mid 24 45,758 076 0.50-1.17
Late 26 33,938 074 0.49-1.12
Secondary Diagnosis
Men Not exposed 83 536,315 1
Bver 18 137,544 078 0.47-1.21
exposed
Women Notexpoged 280 498,641 1
Ever 75 131,376 0.86 0.66-1.11
exposed
Men Not exposed 83 536,315
Early 3 53,155
Mid 6 48,657
Late 9 35,732
Women Not exposed 280 498,641 1
Early 26 51,109 1.14 0.751.71
Mid 24 46,072 0.77 0.50-1.18
Late 25 34,195 0.74 0.48-1.13

* First event of diagnosis (morbidity or martality) or prescription.

® Classification according to Tahle 1.

€ Calendar year on me axis and age (025, 26-50, 51-75, 76- yrs) included.
HR:s not presented for fewer than 10 events.

the result of a combination of new and repeated prescriptions (thus
presented separately). The incidence of hyperthyroidism increased with
age in both sexes (Supplemental Material Table 85).

There was no increased hazard ratio (HR) for hyperthyroidism,
neither in men nor in women, among subjects ever living in the con-
taminated water district, Table 4. The pattern was similar for the
combination of diagnoses and prescription, and diagnoses alone. Si-
milarly, the subgroup with late (and highest) drinking water exposure
did not display an increased risk for hyperthyroidism for men,
HR = 1.08 (95% CI 0.52-2,23, only 9 cases thus not in the table), or for
women, HR = 0.74 (95% CI 0.48-1.13). The results of the tests of the
interaction terms were that the assumption of proportionality did hold.

When defining exposure as either at home or at work, the patterns
were similar to Table 4, with no increased risk for those who were
exposed late in the study period (2005-2013), see Supplemental
Material Table S6. In the regression models that included the highest
attained education level (cohort members above age 30, Supplemental
Material Table §7), the HR pattern was similar to that of Table 4, where
education level was not included. In 349 out of 456 diagnoses (77%),
hyperthyroidism was the primary diagnosis. The HR patterns were si-
milar when analyzing the primary diagnosis as when analyzing all di-
agnoses, Supplemental Material Table $8. When the analysis was made
with age on the time axis, the results were almost identical to those
with calendar year on the time axis, Supptemental Material Table §9.

From the Prescription Register, data were available on the number
of patients with medication for hyperthyroidism prescribed at the PHC
unit in Kallinge (hotspot area), the rest of Ronneby municipality, or in

Environmental Research 176 (2019} 108540

Men

o o -
& m o~ M oa

[
o

x
o
o ) o

2 2013 2014 2015 2016

Incidence hyperthyroidism

o
LY

X x
00—

2009 2010 2

2 0
S 40 x
2
J

Women

14

1.2 *

Ox
&

03 ¥ 6 o
06

ox

04

ox

q
0.2 .

Incidence hyperthyroidism

[}
2009 1010 2011 2012 2013 2014 2015 2016

Fig. 1. Prescription data from health care units 2009-2016. The number of
patients with a hyperthyroidism prescription (HO3B) per 1000 registered pa-
tients, among men and women in Kallinge (@, hot spot area in Ronneby), the
rest of Ronneby (O) and Karlshamn (X).

the neighbouring municipality Karlshamn: during the period
2009-2016 in all 12, 57 and 124 persons, respectively. It should be
noted that a single person can contribute to these numbers more than
once. Each year, approximately 8000 patients were registered at the
PHC unit in Kallinge, 19,500 in the rest of Ronneby and 31,000 in
Karlshamn. Regression analysis showed a possibly lower incidence in
Kallinge compared to Karlshamn among women (approximately half
the incidence, p = 0.06). There were no identified prescriptions among
men from Kallinge PHC unit (Fig. 1).

3.2. Hypothyroidism

The crude incidence of hypothyroidism is higher among women
{Table 2). The marked increase in incidence after year 2000 is ex-
plained by inclusion of hospital out-patients. Similarly, the spuriously
high “incidence” in prescriptions in 2005 is the result of a combination
of new and repeated prescriptions as these numbers catches prevalence
rather than incidence. The incidence increased with age in both sexes
(Supplemental Material Table $10).

There was no significantly increased HR for hypothyroidism, neither
in men nor in women, among subjects ever living in the contaminated
water district, for the two most valid outcomes, prescriptions, or a
combination of diagnoses and prescriptions during the 2006-2013
(Table 5). Similarly, the subgroup with late (and highest) drinking
water exposure did not display an increased risk for hypothyroidism,
neither in men nor women (HR for prescriptions were 0.89 (95% CI
0.65-1.22) and 0.96 (95% CI 0.81-1.15)). In contrast, in women with
contaminated drinking water at home any time between 1985 and 2004
(combining early and mid), the HR for any event was increased, 1.29
(95% CI 1.05-1.57). However the group with the latest exposure, con-
sidered to have the highest exposure, did not show elevated risk in spite
of larger numbers and narrower confidence interval, HR = 0.94, (96%
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Table 5
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The Ronneby cohort (individuals ever living in Ronneby, 1980-2013). Result of Cox proportional hazard regression for prescriptions and any event (first of diagnosis
or prescription) of hypothyroidism during the period 2006-2013. Exposure (PFAS-contaminated water at home address) was classified into two or four classes.

Outcome (2006-2013) Exposure class * Cases Person years HR © 959 CI
Primary Prescriptdon
Men Not exposed 229 140,765 1
Ever exposed 69 48,901 0.90 0.69-1.18
Women Not exposed 579 119,509 1
Bver exposed 263 44,013 1.09 0.94-1.25
Men Not exposed 229 140,765 1
Early 5 7346
Mid 18 9483 1.39 0.86-2.26
Late 46 32,072 0.89 0.65-1.22
Women Not exposed 679 119,509 1
Barly 52 6860 1.26 0.95-1.67
Mid 61 8137 1.35 1.04-1.76
Late 150 29,016 0.96 0.81-1.15
Secondary Any event ©
Men Not exposed 230 140,761 1
Ever exposed 70 48,896 0.91 0.70-1.19
Women Not exposed 679 119,451 1
Ever exposed 258 43,968 1.06 0.92-1.23
Men: Not exposed 230 140,761 1
Early S 7346
Mid 18 9483 1.40 0.86-2.26
Late 47 32,067 0.50 0.66-1.23
Women Not exposed 679 119,451 1
Barly 53 6857 1.29 0.97-1.70
Mid 58 8133 1.28 0.98-1.68
Late 147 28,978 0.94 0.79-1.13
* Classification according to Tahle 1.
b Calendar year on time axis, age (0-25, 26-50, 51-75, 76- yrs) included. HR:s not presented for fewer than 10 events.
© Pirst event of diagnosis (morbidity or mortality) or prescription.
Cl 0.79-1.13). The results of the tests of the interaction terms was that
the assumption of proportionality did hold. e
When defining exposure as either at home or at work (water supply 100
at these addresses), which increased the number of any event in ever £
exposed men from 70 to 109, and in women from 258 to 332, the 5 80
patterns were similar to Table 5 (see Supplemental Material Table §11). g
From the regression models that included the highest attained educa- £
tion level (cohort members above age 30, Supplernental Material Table §
£12), the HR pattern was similar to that of Table 5, where education ﬁ 40
level was not included. Only 160 of 858 (19%) had hypothyroidism as g
the primary diagnosis. Thus, there were too few events for a meaningful 2wy ° @ 2 8 2
sensitivity analysis. When the analysis was made with age on the time £ @ g ? e
axis, the results were almost identical to those with calendar year on the 0

time axis, Supplemental Material Table §13.

From the Prescription Register, data were available on the number
of patients with medication for hypothyroidism prescribed at the PHC
unit in Kallinge, rest of Ronneby municipality, or in Karlshamn; during
the period 2009-2016 in all 2,913, 6569 and 10,109 patients, respec-
tively. Regression analysis showed a possibly higher incidence in
Kallinge compared to Karlshamn among men (approximately 20%
higher; p = 0.08), but no significant difference among women (Fig. 2).

4, Discussion

In the Ronneby general population cohort, who were exposed to
high levels of PFOS, PFHxS and to a lesser extent PFOA, we did not
observe an increased risk for clinically detected hyperthyroidism, nei-
ther in men nor in women. For hypothyroidism, we did not find any
increased risk in the group with ongoing exposure during the last nine
years of distribution of contaminated water (2005-2013); this group is
indicated to have very high serum levels: above 200 ng/mL for both
PFOS and PFHxS. The cohort analyses are based on intemal compar-
isons between groups in Ronneby with different timing of exposure to
drinking water. An external comparison, using area-based data on
preseriptions, showed no indication of an excess of prescriptions for
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Pig. 2. Prescription data from heaith care units 2009-2016. The number of
patients with a hypothyroidism prescription (HO3A) per 1000 registered pa-
tients, among men and women in Kallinge (@, hot spot area in Ronneby), the
rest of Ronneby (), and Karlshamn (X).
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hyperthyroidism in the Ronneby municipality; this was indeed more
common in the neighbouring municipality (Karlshamn) where exposure
to PFAS was no higher than in the general Swedish population.
Regarding prescriptions for hypothyroidism, there was a possible
slightly higher prescription rate in the hot-spot area in Ronneby {con-
taminated drinking water during the entire observation period), but
only for men.

The study situation can be deseribed as a natural experiment — one
third of a population in Ronneby municipality had been exposed to
PPAS in municipal drinking water for a long time, without anyone
being aware of the contamination. With the personal identity number,
we can follow individuals in the registers even when they moved out of
Ronneby, as long as they do not emigrate from Sweden. A public health
care system, with four primary health care units and two county hos-
pitals, serves the Ronneby municipality. There are no differences be-
tween the contaminated and non-contaminated water districts with
regard to access to health care, and the Ronneby population is socio-
economically homogenous. We have no reason to believe that cohort
members moving out of the municipality, living elsewhere in Sweden,
would have differential access to health care related to their previous
exposure, Sociceconomic situation was taken into account in the ana-
lyses by information on educational level.

One element lacking is the absence of personal exposure informa-
tion or serum concentrations. Although the registered addresses and
water distribution data are very reliable, a person may still live else-
where, especially so for young people during years of study. The serum
PFAS levels in a sample of Ronneby inhabitants, whose homes were
supplied from the non-contaminated water works, were higher than in
nearby Karlshamn: this finding can be explained by everyday mobility
within the municipality and thus access to drinking water from both
waterworks. There is, at present, no information on variations on PFAS
levels in the distributed water over time and individual water intake
can differ markedly. In addition, we have only considered external
exposure, whereas true body burden also depends on internal exposure
and there is a large inter-individual variation in elimination of PFAS, Li
et ai. (2018a). This said, our first crude evaluation still gives valuable
information on the risk for manifest thyroid disease in the exposed
population, especially since there was a marked difference for serum
levels of PFAS at a group level between people never having lived in the
contaminated area, and those living there between 2005 and 2013. In
the future it will be possible to model the exposures in more detail
based on ongoing investigations of ground water transportation and
environmental samples. The time-varying coverage of the different re-
gistries merits careful consideration, and one evident limitation is the
short follow-up time for prescribed drugs, as the register was not started
until 2005, Another important point is the local health-care seeking
pattern, and treatment options for the disease under investigation. For
hypothyroidism diagnoses, hospital-based register data are likely not to
reflect the real date of incidence, and information from the primary
health care, where most of these patients are diagnosed, were not
available. A spuriously too late date of diagnosis would tend to move
the exposure classification to a later category. However, by using pre-
scription data (without this delay), the possible bias was removed, and
in none of the analyses was there a suggestion of an increased risk
concentrated in the late exposure period. In contrast, patients with
hyperthyroidism are usually referred to the county hospital, and thus
registered at a more correct point of time, especially from 2000 and
onward.

Previous studies show no consistency regarding the association be-
tween thyroid disease and PFAS exposure. Emmett et al (2006) ex-
amined a sample of individuals residing in a district with longstanding
environmental exposure to PFOA through drinking water, thus all had
exposure levels well above those in the general population, and did not
find significant increased serum PFOA levels among individuals with a
history of self-reported thyroid disease (median serum PFOA was
354 ng/mL}. On the other hand, in the C8 study, associations between
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hypothyroidism and PFOA were indicated, among children (median
serum PFOA was 29 ng/ml, Lopez-Espinosa et al. (2012}) and among
the male workers at the DuPont plant, producing Teflon {(median serum
level of PROA was 113 ng/mi, Steenland et al (2015)). At lower con-
centrations than in the C8 studies, the NHANES study (general US po-
pulation) found a higher risk for (self-reported) thyroid disease for
serum PFOA levels over 5.7 ng/mL (among women}, Melzer et al.
(2010). In our study, serum concentrations are not available for all
individuals but in a subgroup, the median level of serum PFOA was
lower than in the C8 population (17.5 ng/mL) whereas median levels of
serum PFOS and PFHxS were very high: 345 and 277 ng/mlL, Li et al.
(2018a). We have found only a few articles on PFAS and health effects
that include thyroid diseases. In a systematic literature review report,
Kirk et al (2017), the conclusion was that there is inadequate evidence
regarding the association between thyroid disease and PFAS exposure,
both among adults, Melzer et al. (2010), Winquist and Steenland (2014)
and Steenland et al (2015), but also regarding infants, Kim et al (2016),
children, Rappazzo et al (2017), and hypothyroxinemia among preg-
nant women, Chan et al (2011).

In a sample of the Ronneby cohort (self-selected), serum levels of
PFAS were measured along with thyroid hormones. Preliminary results,
Li et al. (2018b), suggest that there are no associations between thyroid
stimulating hormone (TSH) and any of the substances (PFOA, PFOS and
PFHxS). In our study the only suggestion of an excess was for hy-
pothyroidisn among women (prescription) who were exposed during
the first and second decade only (up to 2005), but the biomarker results
for TSH do not support this. One explanation could be that the study
groups are slightly different. A meta-analysis on the association be-
tween thyroid hormone levels in adults and PFAS showed a positive
association between blood PFOS and free T4, and a negative association
with total T4, Kim et al (2018), but preliminary results from the Ron-
neby biomarker study found associations only among pre-pubertal
children (between free T3, free T4 and PFAS). Thus, among adults the
Ronneby biomarker results are consistent with our register results of no
association with PFAS. The number of hyperthyroidism events among
chitdren in the register study did not allow a separate analysis.

In conclusion, in the present cohort study using a simple indicator
for PFAS exposure through drinking water, i.e. residence address re-
lated to water distribution data stratified by date of exposure, we did
not observe any consistent pattern of an increased risk of clinically
detected thyroid diseases ~ neither hypothyroidism nor hypothyroidism
- in men or in women in Ronneby, where contaminated water was
supplied to one-third of the population for decades,
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1. Introduction

Per- and polyfluoro alkyl substances (PFAS), also called “Forever
Chemicals”, are a class of synthetic compounds composed of a carbon
chain that is fully or partially fluorinated and can be linear or branched.
PFAS comprise flucrinated polymers, surfactants, ethers, esters, alcohols
and thiols (Buck et al., 2012; Gliige et al., 2020}, A major PFAS subgroup
are surfactants that consist of a fluorinated hydrophobic tail and a hy-
drophilic headgroup. The high electronegativity, low polarizability and
small size of fluorine give rise to strong C-F bond, weak -CFy— inter-
molecular forces, and strong hydrophobic interactions which, in turn,
result in PFAS surfactants exhibiting cutstanding properties, including
incompatibility with both water and hydrocarbons, high wetting ability,
and high chemical and thermal stability (Kissa, 2001; Krafft and Riess,
2015). These properties render PFAS surfactants useful in many appli-
cations, including nonstick cookware, food packaging paper, stain
repellant and waterproof clothing, paints, cosmetics, and firefighting
foams (Buck et al., 2012).

Their widespread use in industrial processes and consumer products
has resulted in the release of PFAS into the environment (Alves et al.,
2020; Brase et al, 2021; Buck et al.,, 2011; Prevedourcs et al., 2006;
Xino, 2017). PFAS are found in waters around the world (Guelfo and
Adamson, 2018; Pan et al., 2018), PFAS concentrations several times
higher than the lifetime health advisory (70 ng/L for perfluorocctanoate
(PFOA) and perflucrooctane sulfonate (PFOS)) recommended by the U,
S. Environmental Protection Agency (EPA) (EPA, 2016) have been
detected in drinking water in numerous regions, especially near indus-
trial sites that produce or use PFAS, and near many civilian and military
airports that use PFAS-containing aqueous film forming foam (AFFF)
(Barzen-Hanson et al., 2017; Dauchy et al., 2017; Sun et al., 2016). The
main pathways of human exposure to PFAS are the intake of contami-
nated water and food, and the migration of PFAS from food packaging
(pizza boxes, popcorn bags) or cookware (Domingo and Nadal, 2019;
Sunderland et al., 2019). PFAS are distributed predominantly to the
liver, blood, and kidney, leading to adverse human health effects such as
thyroid dysfunction, immune response suppression, kidney disease,
altered cholesterol ievels or metabolic diseases, reproductive toxicity,
neurodevelopmental problems, and various cancers (Brase et af., 2021;
Fenton et al., 2021; Sunderland et al., 2019). Consequently, “legacy”
PFAS like PFOA, PFOS, and their related compounds have been banned
in many countries, including the U.S., and have been included in the
International Stockhelm Convention’s list of globally restricted Persis-
tent Organic Pollutants (POP} to eliminate their use. In the U.S., EPA is
prohibiting companies from manufacturing, processing, or importing
products containing certain long-chain PFAS, without prior EPA review
and approval (ITRC, 2020),

In response to these restrictions, manufacturers are intreducing short
chain PFAS and other fluorinated alternatives for commercial applica-
tions (Danish-EPA, 2015; Mohamed et al., 2019; Wang er al., 2013).
These -“emerging” PFAS are categorized into two groups: (i)
shorter-chain homologues of long-chain perfluorcalkyl acids and their
precursors, e.g., perfluorobutanesulfonic acid, perfluorohexaneic acid,
and (ii) functionalized perflucropolyethers, in particular perfluoroether
carboxylic and sulfonic acids (PFECA and PFESA) with acidic functionai
group attached to a per- or polyfluorcether chain instead of a per-
fluoroalkyl chain, e.g., GenX from DuPont/Chemows, and ADONA from
3M/Dyneon (Wang et al., 2013).

The tradename “GenX" denotes the PFAS compound ammonium
2,3,3,3-tetrafluoro-2-(heptafluoropropoxy)  propanoate  {FRD-902)
which is the conjugate base ammeonium salt of 2,3,3,3-tetrafluoro-2-
(heptafluoropropoxy) propanoic acid (FRD-903), introduced by
DuPont in 2009 as a safer replacement of PFOA in the manufacturing of
fluoropolymers such as Teflon (Beekman et al.,, 2016; DuPont, 2010).
GenX has received significant attention recently owing to it being
detected in the environment (Brandsma et al.. 2018, Gebbink et al.,
2017, Heydebreck et al., 2015; Hopkins et al., 2018; Sun et al., 2016),

Joirnal of Hezardous Materials 428 (2022) 128137

and thus raising concern over possible adverse health effects. GenX
causes health effects similar to those from legacy PFOA and PFOS
(Beekman er al., 2016; Gomis et al., 2018), which include changes in
cholesterol levels, reproductive problems, cancer, liver and kidney
damage (Beekman et al,, 2016; Blake et al., 2020; Brase et al., 2021,
Chappeil et al., 2020; Conley et al., 2021; Coperchini et al., 2020; Shea,
2018; Sun et al., 2019; Wen et al., 2020). EPA’s toxicity assessment for
GenX just concluded that there is suggestive evidence of carcinogenic
potential of oral exposure to GenX in humans, and GenX is more toxic
than the PFOA surfactant it was intended to replace (EPA, 2021}, EPA
set a safe daily dose of GenX as 3 ng/kg of body weight, and plans to
develop drinking water health advisories for GenX in spring 2022 (EPA,
2021).

The studies published so far on GenX address analytical techniques
(Mullin et al., 2019; Munoz et al, 2019}, distribution in rivers and
drinking water near flucropolymer manufacturing plants (Brandsma
et al., 2018; Gebbink et al., 2017; Hopkins et al., 2018; Sun et al., 2016),
in global surface waters (Heydebreck et al., 2015; Pan et al., 2018) and
in human serum and urine (Kato et al., 2018), Also, toxicology studies
(Beekman er al., 2016; Brase et al.,, 2021, Caverly Rae et al.,, 2015;
Conley et al., 2021; Shea, 2018; Sun et al., 2019), mechanisms of toxicity
(Chappell et al., 2020; Wen et al., 2020); development of an oral
reference dese (Thompson et al.,, 2019), binding affinity for proteins
(Allendorf et al., 2019; Cheng and Ng, 2018), toxicity and bio-
concentration in aquatic organisms (Hoke et al., 2016), toxicity com-
parison to long-chain PFAS (Blake et al., 2020; Gomis et al., 2018),
absorption, distribution, metabolism and elimination profiles in mam-
mals (Gannon et al, 2016), effects on cell-viability, proliferation,
DNA-damage (Coperchini et al., 2020). Also, adsorption on activated
carbons (AC) (Sun et al., 2016; Wang et al., 2019a), anion-exchange
resins (Dixit et al., 2020; Wang et al., 2019a, 2019b), functionalized
hydrogels (Ateia et al,, 2019; Huang et al., 2018), covalent organic
frameworks (Ji et al., 2018), and cyclodextrins (CDs) (Weiss-Errico and
Q’Shea, 2019), and chemical degradation (Bao et al., 2018; Bentel et al,,
2020). The adsorption of GenX is inferred to involve anion exchange,
electrostatic and hydrophobic interactions, however, no direct evidence
has been reported (Wang et al., 2019a). Competitive adsorption exper-
iments on AC and anion-exchange resins (IRA67 and IRA400) showed
that the adsorbed GenX can be replaced by the relatively more hydro-
phobic PFOA (Wang et al., 20619a, 2019b), which was ascribed to “the
ether bond in the GenX molecule may cause the instability of the
negatively charged head adsorbed on adsorbent surface, leading to the
replacement of the adsorbed GenX by PFOA™ {(Wang et al., 2019b). The
charge density of perfluorinated ether acids (PFEAS) repertedly governs
their removal via ion exchange (Dixit et al., 2020). The efficiency of an
ion exchange resin (Purolite B A860) to remove from water GenX, per-
fluoromethoxy butaneic acid {(PFMOBA, CF30(CF,),COQH), and per-
flzoromethoxy propanoic acid (PFMOPrA, CF3OCF(COOH)CF3)
followed the order of their respective charge densities GenX < PFMOBA
< PFMOPrA. Among the investigated short-chain PFAS, GenX has the
lowest charge density (13.8 meq/g C) (Dixit et al., 2020).

The physicochemical properties of GenX have attracted rather
limited attention. The available literature reports the standard enthalpy
of formation, sublimation vapor pressure, and the adsorption of GenX at
the air-water and solid-water interfaces (where the solids tested are
natural quartz sand, Eustis soil, Vinton soil, and Qingdao soil; GenX
concentration range: 3x 10 5_30 mM) (Gomis et al., 2015; Lukyanova
and Papina, 2013; Wang and Niven, 2021; Yan et al,, 2020; Zhang et al.,
2020). GenX is a surfactant, however, its surfactant properties, such as
self-assembly into micelles, remain unknown. Information on these is
crucial, since such properties are manifestations of meolecular in
teractions between GenX molecules and between GenX and water mol-
ecules and, in turn, the amphiphilic character of GenX dictates its fate
and transport in the aqueous environment, its interactions with various
biomolecules, and its binding to adsorbent materials (Lin et al, 2002).

With an overarching goal to understand the behavior of GenX
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molecules in aqueous media, we report here the GenX critical micelle
concentration (CMC) and micelle structure and interactions in aqueous
solutions, on the basis of results obtained from experimental techniques
such as surface tension, fluorescence, viscosity, and small-angle neutron
seattering (SANS), and from molecular dynamics (MD) simulations. To
our best knowledge, this is the first report on GenX micelles.

2. Materials and methods
2.1. Materials

Ammonium 2,3,3,3-tetrafluoro-2-(heptaflucropropoxy) propionate
(GenX ammonium salt) (CgHyFy;NO3, CAS number: 62037.-80-3, MW =
347.08 g/mol, 97% purity), also known as ammeonium perfluoro(2-
methyl-3-oxahexanoate) or ammonium 2-(heptafluoropropoxy) tetra-
fluoro- propionate, was obtained from SynQuest Laboratories {Alachua,
FL, USA) and used as received. Undecafluoro-2-methyl-3-oxahexanoic
acid (GenX acid) (CgHF 04, CAS number: 13252-13-6, MW = 330.05
g/mol, 97% purity), also known as petfluoro{2-methyl-3-oxahexanoic)
acid or 2,3,3,3-tetrafluoro-2-{heptafluoropropoxy}propanocic acid, was
obtained from SynQuest Laboratories {Alachua, FL, USA) and used as
received. Deuterium oxide (D, 99.9%), (D,0, MW = 20.03 g/mol, 99.5%
purity), also known as deuterated water, was obtained from Cambridge
[sotope Laboratories, Ine. (Tewksbuty, MA, USA) and used as received.
Samples studied by SANS were prepared using D,0. Samples for surface
tension, pyrene fluorescence, and viscosity experiments were prepared
using Milli-Q purified water (0.055 pS/cm). All samples were allowed
sufficient time to equilibrate following the mixing of ingredients. The
GenX ammonium salt concentrations selected for the SANS experiments
(500 and 800 mM) are well above the CMC so that GenX micelles are
well-defined. These may be high concentrations for GenX present in the
environment, but they are relevant to the capture of GenX via adsorption
or membranes, where the local concentration can be even higher.
Furthermore, the assembly of GenX into micelles is expected {Bodratti
et al., 2017) to occur at much lower concentrations in the vicinity of
surfaces such as adsorbent materials, mineral particles, or natural
organic matter.

2.2, Methods

2.2.1. Surface tension

The surface tension of aqueous surfactant solutions was measured at
21 °C by the Wilhelmy plate method using a Kruss modet K100 tensi
ometer. When the surface tension is plotted as a function of surfactant
concentration, the surfactant concentration where the surface tension
approaches a plateau like region is considered as CMC. The slope of the
surface tension vs logarithm of surfactant concentration plot (dy/dlogC)
determined close to the CMC can be used to estimate surface properties
like the maximum surface excess concentration [, and the minimum
area occupied by a surfactant molecule (Apy,) at air/liquid interface (lio
et al., 1996; Jin et al., 2005; Prosser and Franses, 2001):

l dy
Toe = =5 303mRT (d!agC) o O

A e @

where y is the surface tension, R is the universal gas constant
(8.314 Jmol ! K1), T is absolute temperature, C is surfactant concen-
tration in mM, and N is the Avogadro number ([to et al., 1996; Jin et al.,
2i4)5). The constant n is taken as 2 for surfactants in which the surfac-
tant ion and counterion are monovalent (Jin et al , 2005).

The tendency of surfactants to self-assemble into structures of spe-
cific shape (e.g., sphere, cylinder) can be informed by the eritical
packing parameter {CPP) which is defined as:
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CPP e 3

where V, is the volume and [ is the extended length of the surfactant
hydrophobic chain (Kronberg et al., 2014; Nagarajan, 2002).

2.2.2. Micropolarity

Pyrene fluorescence was used to study the micropolarity of aqueous
surfactant solutions. 2 pL of 1 mM pyrene (Fluka, Buchs, Switzerland) in
ethanol was added to 3 g sample solutions. The resulting overall pyrene
and ethanol concentrations were about 0.7 pM and 6.7 x 10 * volds,
respectively. Pyrene fluorescence spectra of GenX aqueous solutions
were recorded at 22 C using a Hitachi F-2500 (Stoughton, MA, USA)
fluorescence spectrophatometer for 350-450 nm emission wavelength.
The excitation wavelength of pyrene was A = 335 nm. The pyrene
monomer emission spectrum exhibits a vibronic fine structure, and the
ratio of the intensities of first and third vibronic peaks (I,/l3) strongly
depends on the polarity of its microenvironment {Nivaggioli et al., 1995;
Xing er al., 2013; Yang and Alexandridis, 2000). Pyrene is hydrophobic
and it tends to move from the aqueous phase to a hydrophobic envi-
ronment above the CMC, which is reflected in a decrease in I;/15 values.
The concentration value obtained from the intersection of straight lines
fitted to the first plateau region of the I,/1; vs surfactant concentration
curve and to the linear part of 1,/13 decrease region {near the inflection
point) provided CMC values that are consistent with those obtained from
surface tension (Kancharla er al, 2019),

2.2.3. Viscosity

The viscosity of aqueous surfactant solutions was measured using
Cannon-Fenske capillary viscometer of size 50 {Cannon Instrument Co,
State College, PA). The kinematic viscosity (n) is calculated by muiti-
plying the efflux time with the viscometer calibration constant (pro
vided by the manufacturer). The ratio of the kinematic viscosity of the
solution (n) and the kinematic viscosity of pure solvent (y,) gives the
relative viscosity (4, = #/1,) of the solution. 1, can be expressed in terms
of the volume fraction of micelles (@} {Kancharla et at., 2019; Nagarajan,
1982; Zoeller and Blankschtein, 1998):

0= 1 v+ kvl + Olg) ®

where v is a shape factor representing the micelle shape and k, a coef-
ficient corresponding to pair-wise hydrodynamic interactions between
micelles (Zoeller and Blankschtein, 1998). The term k; (+$) accounts for
hydredynamic interactions, and the term O{¢)* arises due to direct
micelle-to-micelle interactions and can be neglected for dilute solutions
(Nagarajan, 1982; Zoeller and Blankschtein, 1998). The volume fraction
of micelles which includes the water of hydration associated with mi-
cellesis given by ¢ = V"(¢, — ¢,), where V"* is the hydrated volume of
a surfactant molecule, ¢, total surfactant concentration, and ¢; concen-
tration of unassociated surfactant (taken to be the CMC} (Zoeller and
Blankschtein, 1998). For spherical micelles, the shape factor v is
consicdered to be 2.5 (Nagarajan, 1982; Zoeller and Blankschtein, 1998).
We used this value since the GenX micelles are approximately spherical.

2.2.4. Small-angle neutron scattering (SANS)

SANS has been widely used to determine the size and structure of
surfactant micelles (Berr and Jones, 1989; Burkitt et al., 1987; Fajalia
and Tsianou, 2014; lijima et al,, 1998; Kancharla et al., 2022). SANS
measurements of aqueous GenX ammonium salt solutions were per
formed on the NG-7 30 m SANS instruments at the Center for Neutron
Research (NCNR), National Institute of Standards and Technology
(NIST), Gaithersburg, MD. Neutrons with 6 A wavelength were focused
on samples kept in quanz cells of 2 mm thickness. Sample-to-detector
distances (SDD) of 2, 6.5 or 10 m were used for each sample in order
to cover the wave vector (gq) range 0.01 At < q< 0.35A ! The
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measurement time was in the range 180-7200 s. Procedures for the
treatment of raw SANS intensity data are described elsewhere {Dong
et al., 2021; Kancharla et al., 2021a).

SANS data from GenX micelles in D;0 have been fitted with the
monodisperse core-shell ellipsoid form factor and the Hayter-Penfold
structure factor with rescaled mean spherical approximation (RMSA)
(Fajalia and Tsiancu, 2014). The ellipsoid shape is consistent with the
findings from MD reported in this study, and encountered in typical
PFAS surfactants (Dong et al., 2021; Kancharla et al., 2021a, 2021b).
The overall scattering intensity I(q) is given by:

Indcenelyy) = ApP(q).51q) + B, (5)

P(q) is the form factor representing the shape and structure of a
micelle, while S(q) is the structure factor representing the intermicelle
interactions in the solution. ¢ is the volume fraction of the micelles
which in turn depends on the overall surfactant concentration. The pa-
rameters A and By, account for additional contributions due to the ab-
solute scaling and incoherent noise, respectively. The form factor and
structure factor models employed here are presented in detail in 51. The
major fitting parameters to describe scattering from GenX micelles in
D50 are the surfactant association number (N4}, micelle volume frac-
tion {¢p), and charge on a micelle (Z).

The micelle core minor radius ¢(b) was taken to be the extended
length of CF4(CF;),0CF: ;, = 8.0 A (calculated from atom-atom dis-
tances in GenX molecule provided by MD). The volume of the micelle
core Veg,e (in A3) was calculated given the surfactant association number
Nagg using:

Veore = NagglVigens + N0 Vp,0) 6)
where V| genx = 200.66 A2 is the volume of a CF4(CF,},OCF chain, Nuo
is the number of water molecules hydrating the CF3{(CF2),0CF chain in
the micelle core, and Vo is the volume of a D20 molecule (Kancharla
et al, 2019).

The volume of the micelle shell, considering its contents: hydrophilic
headgroups of the surfactant, CF3 branch, counterions, and associated
water molecules, can be written as:

Vit = Nogs (vm.. + Ver, + (1 — @)V + N,,v,,,o) @)

where Veoo is the volume of the GenX hydrophilic headgroup, Ve,
volume of the CF; group, Vn; volume of the counterion NH;, and Ny

hydration numbey, i.e., number of water molecules associated per sur-
factant molecule. a = Z/ Ny is the fractional charge on a micelle.

The scattering length density of the micelle core is calculated by Exg,
(8.

Nugelberywrsy.ocr + Nuobp,al

Peore = an

(8)

where b, is the coherent scattering length of molecule i. b; values are
reported in Table 51.

The scattering length density of the micelle shell is calculated using
Eg. (%), which includes the individual contributions to the scattering
from surfactant headgroups, CFy groups, counterions, and associated
water molecules:

N*A: Brog- + begy + 101 Ulbm;; +Nubn_,r_|] ©)

p:lf.l V.nh-ﬁ

The scattering length density of the solvent peiven; Was calculated
using the scattering lengths and concentrations of surfactant and heavy
water. The concentration of the GenX ammeonium salt present in the bulk
solution was considered as its CMC (obtained from pyrene fluorescence).
The dielectric constant of water was obtained from literature (Malm
berg, 1958).

SANS data originating from GenX micelles in D3O have also been
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fitted with other form factor models, including the monedisperse sphere
form factor, monodisperse or polydisperse core-shell sphere form factor,
and the Hayter-Penfold structure factor with RMSA. The expressions
describing these form factor models and micelle structure/composition,
SANS fits and important parameters are presented in the 5| document.
Here we discuss results from what we consider to be the better repre.
sentation of micelles among all those we tested.

2.2.5. Molecular dynamics (MD)} simulations

MD simulations were preformed using an in-house simulation
package that utilizes a non-polarizable version of the Atomistic Polar-
izable Potentials for Liquids, Electrolytes and Polymers (APPLE&P) force
field {Bedrov et al., 2019, Boredin, 2009). The parameters for the
APPLE&P force field were derived based on fitting an extensive database
of ab initio calculations of binding and conformational energies for a
variety of small molecule clusters and representative oligomers, as well
as systematic empirical adjustments to reproduce a variety of experi-
mentally measured thermodynamic, dynamics, and structural charac.
teristics in various systems. A periodic cubic simulation cell contained
32 GenX and ammeonium pairs dissolved in 4032 water molecules
(Fig. 1), which corresponds to a surfactant concentration of about
395 mM (which is well above the experimentally determined CMC of
GenX in water). In the initial configuration, all molecules wete cistrib-
uted homogeneously in a large simulation cell of size 800 A in each
direction, which was subsequently shrunk over 30 ps to achieve a
reasonable density. Then the system was equilibrated in the NPT
ensemble for 20 ns, followed by production runs of up to 100 ns.

During the simulation, a temperature of 300 K was maintained by
employing the Nosé-Hoover thermostat (Hoover, 1985} (coupling fre-
quency 0.01 fs1) and barostat (coupling frequency 0.0005 fs 1), A
cut-off distance of 15.0 A was set for computing van der Waals in-
teractions and electrostatic interactions in the real space. The Ewald
summation method was utilized for the calculation of the reciprocal
space contribution to electrostatic interactions. All bonds were con-
strained using the SHAKE algorithm (Palmer, 1993). A multiple
time-step integration scheme (Martyna et al., 1996) was used with the
small step (0.5 fs) for calculating bonds and bends, a medium step
(1.5fs) for caleulating torsions and short range non-bonded in-
teractions, and a large step (3 fs) for calculating long-range non-bonded
interactions and the reciprocal part of Ewald summation. This protocol
and force field have been successfully used in our previous simulations
of perfluorinated surfactants in aqueous solutions, and have shown good
consistency with experimental data characterizing their self-assembly
and micellar structure (Dong et al., 2021; Kancharla et al., 2021a).

GenX

NH,*

Eig. 1. A typical snapshot of the equilibrated system containing GenX and
ammonium ions, and water as a solvent. {Carbon-gray; Oxygen-red; Fluorine
green; Nitrogen-blue; Hydrogen-white).
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3. Results and discussion

The association behavior of GenX in aqueous solution is revealed
here from combined experimental measurements and atomistic MD
simulations. The critical micelle concentration (CMC), surface area per
GenX headgroup, and micelle hydration are determined from analysis of
surface tension, pyrene fluorescence spectroscopy and viscosity data.
Structural information such as the GenX micelle shape, size, and
compasition is obtained from complementary analysis of MD and SANS
data. MD simulations provided additional moleculas-level insights into
the GenX self-assembly and intermolecular interactions. There is no
information available in the literature on GenX surfactant properties,
such as self-assembly into micelles or micelle structure.

3.1. Premicellar region and onset of micelle formation

Surface tension data of GenX acid or GenX ammonium salt in
aqueous solution ave plotted in Fig. 2 as a function of surfactant con
centration. For GenX acid aqueous solution, the slope (dy/dlogC)
determined close to the CMC is ~30.12 mN/m, [ calculated from Eg.
11i5 2.67 x 10 ' mol em 2, and Apy is 62.1 A%, For GenX ammonium
salt aqueous sotution, (dy/dlogC) = —23.01 mN/m,
Mo = 2.04 % 107 ® mol em™?, and Apy = 81.3 A Interfacial tension
parameters are important in the atmospheric transport of PFAS, and in
PFAS retention and transport in natural porous media (Brusseau, 2019}
also in PFAS treatment and remediation processes {Lee et al., 2017,
Meng et al., 2014).

It is appropriate to compare the properties of GenX to properties of
PFAS surfactants that have (i) the same number of carbons with GenX,
sodium perfluorchexanoate (NaPFHx, CgF;,COONa}, and (ii) the same
counterion, ammonium perfluorcoctancate (APFQ, C;F15COONH,)
(Kancharla et al,, 2019). The surface area per headgroup of the GenX
acid is close to that of NaPFHx (A, = 63.4 A?%) (Kancharla et al.,
2021b) and APFO (64.0 Az) (Kancharla et al., 2019), whereas the sur-
face area per headgroup of the GenX ammonium salt is 30% greater than
that of NaPFHx and APFO.

CPP wvalues are calculated for GenX acid and GenX ammonium salt
considering the volume of surfactant hydrophobic chain (Vy) equal to
the volume of a CF3{CF)20CF chain = 200.7 A3 (leaving out the CF4
side-group of GenX molecule, as intimated by MD results presented
below), and the extended length of a CFs(CF2);0CF chain /. - 8.0 A
(obtained by MD), are 0.40 and 0.31, respectively. The CPP value 0.31
suggests spherical micelles (CPP < 0.33) for GenX ammonium salt.
CPP = 0.40 suggests that GenX acid forms cylindrical micelles
(0.33 < CPP < 0.5).

The CMC value obtained from surface tension for GenX acid and
GenX ommeonium salt in aqueous solution is 150 + 10 mM and
150 + 50 mM, respectively. The surface tension of GenX acid remained
constant above the CMC, however, for GenX ammonium salt, a dip and
subsequent slight increase in the surface tension is observed. The con-
centration of GenX ammonium salt at the dip where the surface tension
is lowest is considered to be the CMC. The origin of the increase in the
surface tension above the CMC has not been established here, but it does
not affect the analysis of the surface tension data to obtain [y, and Apyy.

Pyrene fluorescence is used to also obtain CMC and, further, assess
the polarity of the GenX micelle microenvironment. The [)/[; ratio of
GenX acid or GenX ammonium salt aqueous solutions decreased above
the CMC due to the partition of pyrene from the polar aqueous solution
to the GenX micellar environment (Fig. 3). Similar behavior has been
previously observed with pyrene for other fluorinated surfactants
inctuding PFOA (Dong et al., 2021; Kalyanasundaram, 1988; Muto et al.,
1987}, which was ascribed to the pyrene molecules residing in the outer
palisade layer of the surfactant micelles due to the immiscibility be-
tween pyrene and the fluorocarbon core (Xing et al., 201 3). The CMC of
GenX acid and GenX ammonium salt in aqueous solution obtained from
pyrene fluorescence are 140 + 5mM and 175 & 5 mM, respectively.
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Fig. 2. Surface tension of (a)} GenX acid (20.5 *C) and (b) GenX ammoniumm salt
(23.5 °C) aqueous solutions, plotted as a fimction of surfactant concentmtion.
The surface tension data at low surfactant concentrations (open symbols) were
taken from reference (Yan et al,, 2020). Linear fits have been applied to the data
points where the surface tension decreases prior to reaching the CMC.

Above CMC, the [,/1; ratio of GenX ammenium salt aqueous solutiens at
a particular concentration is lower than the 1,/I; ratio of NaPFHx so-
lutions {Fig. 51). This indicates that GenX micelles offer a more hydro

phobic environment for pyrene, presumably allowing more contact
between pyrene and flucrecarbon chains. The CMC reported in the
literature for the 6-carbon fluorinated surfactants perfluorohexane sul-
fonic acid (PFHxS, CgF13SO3H) is 12 mM, perfluorchexanoic acid
(PFHxA, C.F,;COOH} is 82mM, and sodium perfluorchexanocate
(NaPFHx, CsF);COONa) is 200 mM {Alves et al., 2020; Kancharla et al.,
2021k). The CMC of GenX ammonium salt is close to the CMC of
NaPFHx. The low CMC of PFHxS compared to PFHxA is due to the
presence of 6 carbon atoms in fluorecarbon chain of PFHxS (more hy-
drophobic), while PFHxA has 5 carbon atoms. The CMC of GenX acid is
greater thar the CMC of PFHxA, whereas the CMC of GenX ammonium
salt is slightly lower than the NaPFHx CMC. GenX acid and PFHxA have
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Fig. 3. Pyrene Nuorescence intensity 1y/13 ratioc of GenX acid and GenX
ammoniwn salt aqueous solutions (22 °C),

the same headgroup and counterion. Therefore, the difference in the
CMC of GenX acid and PFHxA is due to the difference between the
perfluoroalkyl chain in PFHxA and the perfluoroether chain in Gen¥X
acid. When the counterion is changed, the CMC trend became the
opposite. The contribution of micellization of the GenX fluorocarbon
chain is assessed next.

The Gibbs free energy of micellization (AGy;c) is the net free-energy
gain for transferring a free surfactant molecule and its counterion from
the bulk aqueous solution into a micelle. AG,;, includes various con-
tributions, the most important of which account for formation of the
hydrophobic micelle core, and electrostatic interactions in the micelle
shell (Kancharla et al., 2021b). For ionic surfactants, AG,,;. is related to
CMC according to AG,;;. = (2-w)RTInXcpe, where Xcpc is the surfactant
mole fraction at the CMC, and o the degree of counterion dissociation
(Kancharla et al, 2021b). For GenX ammonium salt, AG.
= 18,0 k/mol considering « = 0.72 (obtained from SANS fits pre-
sented later). AGpyc 17.% kJ/mol for NaPFHx, while the free energy
contribution due to the formation of the micelle hydrophobic core is
—17.5 kJ/mo! (Kancharla et al., 2021b). For APFO (CMC = 26.5 mM,
a = 0.47) (Kancharla et al, 2019) the electrostatic free energy is
-8.1 kJ/mol (Kancharla et al., 202]1b}. Since GenX ammonium salt and
APFO have the same counterion, we assumed the electrostatic free en-
ergy of GenX ammonium salt equal to that of APFQ, and calculated
(following the procedure described in Kancharla et al, 2021b) at
—4.3 kJ/mol the free energy contributions related to the formation of
the GenX ammonium salt micelle hydrated shell and entropy lost by the
counterions upon binding onto the micelle charged surface. Subtracting
this value from AG. of GenX ammonium salt gives - 13.7 kJ/mol for
the free energy associated with the formation of the GenX micelle hy-
drophobic core. Whereas the AGy. values of GenX ammonium salt and
NaPFHx are almost the same, the free energy associated with the for-
mation of the micelle hydrophobic core is 30% less negative for the
ether-containing GenX compared to NaPFHx with linear fluorocarbon
chain.

3.2, Micelle structure

In order to understand the structure of GenX micelles in water, we
combine in this section discussion of results from atomistic MD simu-
lations and SANS analysis. First we discuss the micelle shape and size,
and then present information on molecular arrangements inside the
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micele.

3.2.1. MD simulations analysis

A broad range of micelle association numbers (i.e., number of sur-
factant molecules in a micelle) has been observed in MD simulations. A
GenX molecule is considered here to be a part of a micelle/cluster only
when any of its atoms lie within a cutoff distance of 5.0 A from any atom
of another GenX molecule belonging to the same micelle. We set up two
systems with different initial distributions of GenX molecules. In one,
the GenX molecules were randomly distributed through the system
without forming clusters; in another, they were biased to belong to one
large micelle. After 20 ns equitibration, both systems show similar
micelle size distributions, with about 30-33% of GenX molecules pre
sent as unimers or dimers, and the remaining GenX molecules distrib-
uted between micelles of association number Ngg 3-25.
Unfortunately, the relatively small size of investigated systetn (i.e., 32
surfactant molecules) and the slow kinetics of micelle formation/
breaking (particularly for larger micelles) do not lead to a converged
micelle size distribution even from a 100 ns long trajectory. The micellar
size distribution and kinetics of micelle formation and dissociation will
be addressed in future work. Nevertheless, the population of unimers
shows steady fluctuation around 24% (see Supplemetary Information).
Given the 395 mM surfactant concentration in MD simulations, the
fraction of unimers observed in MD is in good aggreement with the
experimentally determined value of the GenX CMC (150 mM).

While we cannot conclude on equilibrium size distribution of mi-
celles from MD simulation, we have sufficient statistics to analyze the
micellar structure and shape for different size micelles observed in our
simulations. First, we characterized the shape and dimensions of the
formed micelles by calculating the micellar gyration tensor using the
following equation:

N

a 1
5= T Zm;.\‘,_\', > (10)
=

where N is the number of atoms in a micelle, M total mass of the micelle,
x;, ¥y coordinates of atom i relative to the micelle center-of-mass, m;
corresponding mass of atom § and = > denotes averaging over the
entire trajectory. Diagonalization of the gyration tensor matrix yields
the principal moments, i.e., Syy, Sy, Si that can be related to the radius
of gyration (Rg) as: R,” = §%,, + 8%, + §%... The calculated R,* and the
corresponding components of the gyration tensor are plotted in Fig, 4a
as the function of micelle association number. As expected, the R;2 and
the principal moments monotonically increase with increasing micelle
size. Furthermore, Fig. 4b clearly shows that the GenX micelles are not
spherical, as one of the principal moments of gyration tenser is sub-
stantially larger than the other two (5. /5, = 2.1 and 5., /S,y = 1.6),
corresponding to a prolate shape of the micelle. The ellipsoidal micellar
shape observed in MD allowed us to select the core-shell ellipsoid form
factor for fitting SANS data (see discussion below).

To understand the structure of individual micelles, we have exam.-
ined the interaction with water of different parts of the GenX molecule,
and their distribution inside the micelle. Fig. 5 shows several radial
distribution functions (g(r)) which reflect the probability of finding a
specific atom (e.g., oxygen of water molecule) at a certain distance r
from the selected atom (e.g., oxygen of GenX), and the corresponding
coordination numbers (CN) for the selected atom types identified in
Fig. 5a: Ow is water oxygen atom, O= oxygen atom of GenX headgroup,
O ether oxygen atom of GenX fluorinated tail, Cy CF; carbon at the end
of the fluorinated tail, and Cs CF; carbon on the side group connected to
the GenX headgroup. The first coordination shell is typically defined by
the first minitum in g{r) (e.g., r = 3.65 A for O~ of GenX with Ow
correlation shown in Fig. 5b), and the number of different atoms in that
shell (i.e., CN) provides a good description of the local environment. As
expected, a sharp peak for O= -Ow pair and CN = 3.2 for the first co-
ordination shell {defined as a sphere withr - 3.65 Ayin Fiz. 5b confirms
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Fig. 4. (a) Average R;-“ of a GenX micelle as a function of micelle association
number, (b) principal moments of the gymtion tensor as a function of micelle
association number, and (¢} representative snapshots of several GenX micelles
of different association nunbers observed in MD simwlations.

a strong interaction of water molecules with the GenX anionic head-
group. On the other hand, the ether oxygen has very little interaction
with water {note the absence of a strong peak at short distances and
CN = 0.1 within the first coordination shell r = 3.65 A), indicating that
it is sterically hindered from water by fluorinated groups and the
headgroup. Fig. 5c shows that the g(r) and CN of Oy around the CF;
carbon atoms of fluoroalky! tail (Cr) and the side group {Cs) are very
similar in behavior for both carbons in the first coordination shet! within
r<554, indicating that both groups have similar hydration structure
and exposure to water. Within a sphere of 5.5 A, these groups have on
average 14 water molecules. The snapshots in Fig. 4c, as well as F-Oy,
correlations shown in Fig. 5d, indicate that a significant number of F
atoms of GenX molecules are interacting with water molecules. On
average, within a 4.2 A sphere each F atom interacts with about 5 water
molecules despite the fact that the majority of GenX molecules are in
micelles.

It is interesting to examine the extent of hydration of GenX mole-
cules. This information is important for the environmental applications
of GenX, and also useful in the fitting of SANS data. Using MD simulation
trajectories, we have calculated how many water molecules are in
contact with each GenX micelle. To consider a water molecule to be in
contact with a micelle, the Q,, should be within R, distance from any
GenX atom in the micelle, We have considered three values of R, = 3.0,
3.5 and 4.0 A, which fall between the values defining the boundaries of
O and F atoms first coordination shells. Fig. 6a shows the dependence of
the number of water molecules hydrating the GenX micelle as a function
of micelle association number, normalized by the number of GenX
molecules in the micelle (i.e., per one GenX molecule). Fig. fb shows
distributions of these hydration numbers for each R, and averaged for all
micelle sizes. Note that in these calculations, if a water molecule was in
contact with two different GenX molecules or atoms, then it was counted
only once. As expected, for zmaller size micelles, the number of
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hydrating waters per GenX molecule is higher but, as the size of the
micelle increases, the average hydration number also increases. For the
tighter definition of hydrating water (R, = 3.0 A) the number of hy
drating water molecules saturates around 4 whereas, for the looser
definition of interfacial water (R, = 4.0 A), it is around 12 waters per
GenX molecule. These values of hydration can be considered as the
lower and upper bounds for the average water hydration number.

Another interesting structural feature to examine is how GenX mol-
ecules are oriented in the micelle. We have investigated the molecular
orientation of each GenX molecuie in micelles of different sizes by
computing the angle () between two vectors ¥, and v;, where ¥/ is a
vector between the center-of-mass of the micelle and the Gy group of the
GenX molecule belonging to the micelle, while v, is a vector from Cr to
the junction carbon atom of the headgroup (Fig. 7a). 8 = 0" indicates
that the GenX molecule tail is oriented toward the micelle center and the
headgroup is radially outwards. 8 = 90” corresponds to GenX molecules
oriented tangentially to the surface of the micelle, while the 180 angle
denotes that the GenX headgroup points inside the micelle core. The
probability distribution of finding GenX molecule with 0 orientation
(normalized by sin(0) to reflect the different phase space available for
realization of each angle value) is shown in Fig. 7b. A broad peak around
90" indicates that GenX molecules prefer to align aleng the micelle
surface,

3.2.2. Viscosity

The hydration of GenX micelles can be experimentally assessed from
viscosity measurements. Fig. & shows the relative viscosity of aqueous
solutions of GenX ammonium salt, plotted as a function of the micetlized
surfactant concentration {C-CMC) which accounts for the contribution
to viscosity of only the micelles. A linear equation (Eg. (4) neglecting the
ky(14)® and O{¢)® terms) was fitted to the viscosity measurement data
set in Fig. 8 and, from the x-coefficient value obtained, the hydrated
volume of a GenX molecule V™ is calculated to 569.7 A%, After sub-
tracting from this value the “dry” molecular volume of GenX (332.1 A%,
the volume of the water hydrating a GenX molecule is estimated to
237.6 A which corresponds to ~8 water meolecules. This number falls
right in the middle between the upper and lower bounds of hydration
numbers obtained from MD simulations, as discussed above in the
context of Fig. 6. The hydration number of NaPFHx or ammonium
perfluorooctanoate (PFOA) reported in the literature is —~11 water
molecules, 40% higher than the GenX hydration number (Kancharla
et al., 2019, 2021b).

3.2.3. SANS analysis

When fitting SANS intensity data for GenX micelles in D,Q, we
considered the micelle core to consist of CF3(CF;),0CF chains and 0, 1,
or 2 water molecules hydrating a CF3(CF;),0CF chain (to account for
GenX hydrophobic chain contact with water), and the shell te consist of
carboxylate headgroups, CFa branch, counterions, and associated water
molecules. We assigned the CFy branch in the micelle shell following
information from MD. Further, we fixed the total number of water
molecules hydrating a GenX molecule in the micelle (Ny + Ny o). Two
cases have been considered, (i) Ny + Nyo = 8, based on the GenX hy-
dration number obtained from viscosity, and (ii) Ny + Ny = 12, based
on upper bound of the GenX hydration number obtained from MD re-
sults. For instance, case (i} if Nyo =0, Ny = 8; Nyo =1, Ny = 7; Nyo

2, Ny~ 86, and case (ii} if NH‘O Q, Ny 12; NH.O 1, Ny 11; Nl—{‘o
= 2, Ny = 10.

Fig. @ shows the SANS absolute intensity profiles of GenX ammonium
salt in D50 at 22 *C and the corresponding fits using the monodisperse
core-shell ellipsoid form factor with Hayter rescaled MSA structure
factor considering 8 water molecules hydrating each GenX molecule in
the micelle. The correlation peak reflects repulsive interactions between
the micelles. The intermicelle distance d can be estimated from the g
value at the peak maximum d -~ 21/ Takle 1 summarizes important
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parameters obtained by fitting GenX SANS data.

The average association number of GenX ammonium salt micelles in
aqueous solution obtained from SANS is 5.9 at 560 mM GenX and 8.3 at
800 mM GenX, a 40% increase upen surfactant concentration increase
from 500 to 800 mM. The GenX micelle size (Req} increased by 12%, the
fractional charge on a micelle («) (degree of counterion dissociation)
increased by 28%, and the intermicelle distance decreased by 11% with
the increase in GenX concentration from 500 to 800 mM. Our SANS
results show that the ratio of the micelle core major to minor radius (¢ is
smaller than 1, which means that the micelle core major radius is smaller
than the extended length of surfactant (set to equal the micelle core
minor radius). This is in good agreement with the tendency of GenX
molecules to tilt along the micelle surface, established by MD (Fig. 7).
The average area per surfactant headgroup at the core-shell interface
obtained from SANS parameters for the case of dry core (N = 0) is
96.3 A” for 500 mM GenX and 82.9 A? for 800 mM GenX. These values
are in excellent agreement with the Ag,, value obtained from the surface
tension data.

SANS parameters obtained using the monodisperse core-shell ellip-
soid form factor with Hayter rescaled MSA structure factor considering
12 water molecules (the upper bound hydration value obtained from
MD) hydrating each GenX molecule in the micelle are presented in 5|
(refer to Table 55) together with the corresponding fits. A comparison of
GenX micelle parameters obtained considering 8 or 12 water molecules
of hydration shows that the micelle association number, fractional
charge, and axial ratio do not change, only the shell thickness (where

water resides) increases by 20-30%. Considering water in the micelle
core (Vi = 13% or 23%) resulted in no big difference in the micelle
parameters,

We have also fitted SANS intensity data of GenX micelles using the
monodisperse and polydisperse core-shell sphere form factor and Hayter
rescaled MSA structure factor (results are presented in 51}, The results
obtained show that there is no difference in the GenX micelle association
number, fractional charge, and size, whether we consider monodisperse
core-shell sphere form factor or monodisperse core-shell ellipsoid form
factor. Applying polydispersity to the radius of the micelle core, using
the Schulz distribution, gave PD - 0.066 for 500 mM GenX and
PD = 0.007 for 800 mM GenX, and there is no difference in the micelle
parameters abtained when compared to monodisperse core-shell sphere
fits. PD = /R, is the ratio of the standard deviation of the core radius
size distribution (g) and the average micelle core radius (R,) obtained
from the fit. The low value of the polydispersity indicates that the system
was essentially monodisperse. Small clusters contribute very little to the
scattering intensity (refer to Fig. 59).

Comparing the structure (obtained from SANS) of GenX micelles to
that of NaPFHx micelles, both surfactants have 6 carbon atoms, how-
ever, NaPFHx forms larger micelles with Npgg = 14.7, € = 1.41 and Req
—13A (Kancharla et al., 2021b). This could be ascribed to the chemical
structure of GenX. GenX has a CFs branch, whereas NaPFHx has a linear
CF3(CF3), chain. Comparing 6 carbon fluorinated surfactant micetles to
8 carbon fluorinated surfactant micelles, APFO forms ellipsoidal mi-
celles with Ny, = 30, € = 1.73, and Req - 17.6 A (Dong et al, 2021;
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Kancharla et al., 2021a). APFO micelles have association number 5
times that of GenX micelles and 2 times that of NaPFHx micelles. The
size of APFO micelles is 88% greater than that of GenX micelles, and
35% greater than NaPFHx micelles. For sodium perfluoroalkyl carbox-
ylates, upon an increase in the hydrophobic part of the surfactant by 2
-CFz- groups, the micelle association number increases by 70% and the
size increases by 30% (Kancharla et al,, 2021b).

The SANS results of GenX forming small micelles with association
number in the range 6-8 are in a very good agreement with the findings
from MD. The ratio of micelle core major to minor radius (&) < 1 in-
dicates elongated micelles which agrees with the MD results. MD sim-
ulations have shown that, for association number = 7, radius of gyration
(Rg) =7.2 A (Fiz. 6a), which is not far from the GenX micelle size (Req)
obtained from SANS fits.

In: the micelle composition that we considered while fitting the SANS
data, the CFjy side group of GenX is assigned to the micelle shell and is
exposed to water, which is consistent with the MD results. MD simula-
tions have shown that GenX molecules prefer to align along the micelle
surface, and the CF5 carbon atoms of the GenX tail are exposed to water.
The SANS models that we used do not explicitly account for these.
Having said this, the different models and micelle composition scenario
considered while fitting SANS data, including monodisperse sphere,
monedisperse or polydisperse core-shell sphere with and without water
in the micelle core, and monodisperse core-shell ellipsoid with and
without water in the micelle core, all resulted in the same micelle pa-
rameters, lending confidence that these parameters describe well the
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Fig. 7. (a) Schematic representation of the method employed to compute the
relative molecular orientation. The angle @ is between vector ¥, which is from
the center-of-mass of micelle 1o Cr, and the vector ¥, which is from Cr ta the
carbon at the junction of headgroup and side-group. (b) Normalized distribu-
tion of computed molecular orientation (0).
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Fig. 9. SANS intensity profiles of GenX anumonium salt in DO corrected for
solvent {D,0) scattering. Markers represent the experiment data and solid lines
represent the fits using monodisperse core-shell ellipsoid model form factor
with Hayter RMSA structure factor described in the text, considering 8 water
molecules hydrating each GenX molecule in the micelle.

GenX micelles.

We note that the surfactants properties reported here are for GenX in
plain water. The presence in natural water of electrolytes or organic
matter will modulate the surfactant association. For example, added
NaCl decreased the CMC and increased the micelle size of PFOA, as we
have recently shown (Kancharla et al., 2021b). We expect a similar trend
in the case of GenX.

4. Conclusions

Emerging PFAS surfactants such as GenX have been introduced as
less harmful alternatives to legacy PFAS (PFOA, PFOS} which are ban-
ned because they cause serious health issues. However, GenX is now
present in waters and is generating concern as it has been found to
adversely affect health. GenX is a surface-active molecule for which we
know very little about its surfactant properties. The present study aims
to fill this gap in knowledge.

Consistent and quantitative information on the formation and
structure of GenX micelles emerges from analysis of experiments and
MD simulations. Due to its short fluorocarbon chain, GenX has relatively
high CMC (175 mM) and forms small micelles: association number of
6-8 and radius 10 A. GenX molecules participating in micelles are hy-
drated by an average eight water molecules; the GenX anionic head-
group interacts strongly with water, whereas the ether oxygen is
sterically hindered from water. The branched fluorocether chain of GenX

Table 1
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is found 30% less hydrophobic than a linear fluorocarbon chain with the
same number of carbon atoms. Having a linear CF3{CF;)4 chain, NaPFHx
forms larger micelles with association number = 15 and radius = 13 &

Self-assembly into micelles is a key feature of surfactants in aqueous
solution. Analysis of CMC reveals specific contributions of hydrophobic
tail and hydrophilic headgroup, while the micelle structure and
composition provide information on how surfactants interact with
themselves and with solvent (water} and other molecules present in
solution. In a way, the micelles “amplify” subtle interactions that are
always present, even if difficult to discern. Furthermore, the capability
established in this study to predict from first principles micelle forma
tion and structure confirms that such tultiple and often competing in-
teractions have been properly accounted for. This knowledge can be
deployed to probe computationally other PFAS pollutants for which
experimental results are lacking. A “simple” system as that examined
here provides easier access to the fundamentals, and this helps the un-
derstanding of more complex systems encountered in environmental
applications. Micelles are also relevant to environment and health in
that PFAS surfactants, while typically found in very low bulk sotution
concentrations, they tend to concentrate a lot (partition) in the vicinity
of surfaces in the context of separations (AC, ion exchange resins) and in
the context of bicinterfaces (proteins, lipid membranes).

This is the very first study of GenX micelles; further, this is the first
MD study of surfactants with ether oxygen along the chain. The high-
resolution structure and interactions knowledge presented here in
forms the GenX fate and transport in the aqueous environment, its in-
teractions with various natural substances (e.g., minerals, humic acid)
and biomolecules, and its binding to adsorbent materials. In a very
recent study, photo-reductive destruction of GenX was significantly
promoted when GenX was in the form of mixed micelles with hydrox-
yphenylacetic acids (hydrated electron precursors) and cetyl trimethyl
ammonium bromide (Chen et al, 2021).

CRediT authorship contribution statement

Samhitha Kancharla: Methodology, Investigation, Formal analysis,
Writing — original draft, Writing - review & editing. Aditya Choudhary:
Methodology, Software, Investigation, Formal analysis, Visualization,
Writing - original draft. Ryan T. Davis: Investigation, Formal analysis.
Dengpan Dong: Methodology, Software, [nvestigation, Formal analysis,
Visualization, Validation. Dmitry Bedrov: Funding acquisition,
Conceptualization, Methodology, Project administration, Supervision,
Writing ~ review & editing. Marina Tsianou: Funding acquisition,
Conceptualization, Supervision, Writing — review & editing. Paschalis
Alexandridis: Funding acquisition, Conceptualization, Methodology,
Project administration, Supervision, Writing - review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence

Parameters obtained by Atting SANS intensity data of GenX asumonium salt in D0, corrected for solvent (D,0) scattering, using the monodisperse core-shell ellipsoid
form factor and the Hayter rescaled MSA structure factor, and considering the number of water molecules hydrting each GenX molecule in the micelle 8 (obtained
from viscosity measurements). Ny o number of water molecules hydrating an oxygen atom in the core, Ny, association number (number of surfactant molecules per
micelle); « fractional charge or charge per surfactant molecule in a nticelle; b micelle core minor radius; £ ratio of micelle core major to minor radius; 6 shell thickness;
Ry equivalent spherical micelle radius; Vi, . volume percentage of water in the micelle core; ¢ volume fraction of the micelles; d inter-micelle distance; and [pem
intensity at the correlation peak miaxinum. y3 is a statistical parameter that quantifies the differences between the caleulated and experimental SANS data sets.

GerX (WM)  Npo Mg u b(Ad) ¢ 5(A)  Reyg(A) Vi (%) @ A} Tpew e
500 0 59(4+01) 072(£003) 80 0.55 (£0.006) 2.7 9,35 ( £ 0.02) 0 0.0540 ( £0.002) 393 0046  2.20
500 1 59(+01) 075(£003) 80 0.64 { £0.006) 2.4 9.34 { £ 0.02) 13 0.0519 ( £0.00}) 393 0046 185
500 2 S9(£01) 078(£003) 80 0.72 (£ 0006} 2.1 9,33 ( £ 0.02) 23 0.0522 (£ 0.001) 393 0046 1.53
80O 0 B3(£01) 093(£003) 80 078 (£0005) 3.1 1045(£0.02) 0 0.0883 (£ 0.001) 349 0093 099
800 1 B.3(£01) 09 (£003) 80 0.89 ( £0.005) 2.7 10.44(+0.02) 13 0.0909 ( +0.001) 349 0093  0.95
800 2 83(£01) 099(+£003) 80 101 (£0.005) 2.4 10.45(+ 0.02) 23 0.0939 (£ 0.001) 349 0093 117
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1. Introduction

Renewable energy is a promising alternative to fossil fuel-based energy, but its development can require
a complex set of environmental tradecfls. A recent increase in solar energy systems, especlally large,
centralized installations, underscores the urgency of understanding their environmental interactions.
Synthesizing literature across pumerous disciplines, we review direct and indirect environmental
impacts - both beneficial and adverse - of ulility-scale solar energy [USSE) development, including
impacts on biodiversity, land-use and land-cover change, soils, water resources, and human health.
Additionally, we review feedbacks between USSE infrastructure and land-atmosphere interactions and
the potential for USSE systems to mitigate climate change. Several characteristics and development
strategies of USSE systems have low environmental impacts relative to other energy systems, including
other renewables. We show opportunities to increase USSE environmental co-benefits, the permitting
and regulatory constraints and opportunities of USSE, and highlight future research directiens to better
understand the nexus between USSE and the environment. Increasing the envircnmental compatibility
of USSE systems will maximize the efficacy of this key renewable energy source in mitigating climatic
and glebal environmental change.
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1. Introduction

Renewable energy is on the rise, largely to reduce dependency
on limited reserves of fossil fuels and to mitigate impacts of
climate change ([58, 110, 150}). The generation of electricity from
sunlight directly (photovoltaic) and indirectly (concentrating solar
power) over the last decade has been growing exponentially
worldwide [150]. This is not surprising as the sun can provide
more than 2500 terawatts (TW) of technically accessible energy
over targe areas of Earth’s surface [82,125] and solar energy
technologies are no longer cost prohibitive {9]. In fact, solar power
technology dwarfs the potential of other renewable energy tech-
nologies such as wind- and biomass-derived energy by several
orders of magnitude [150]. Moreover, solar energy has several

1000 17

Capacity (MW-dc)

o0k
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Fig. 1, Anmual installed grnid-connected photovoltaic (V) capacity for utility-scale | =

1005

positive aspects - reduction of greenhouse gases, stabilization of
degraded tand, increased energy independence, job opportunities,
acceleration of rural electrification, and improved quality of life in
developing countries [ 17,126] - that make it attractive in diverse
regions worldwide,

In general, solar energy technolegies fall into two broad
categories: photovoltaic (PV) and concentrating solar power
(CSP). Photovoltaic cells convert sunlight into electric current,
whereas CSP uses reflective surfaces to focus sunlight into a beam
to heat a working fluid in a receiver. Such mirrored surfaces
include heliostat power towers (flat mirrors), parabolic troughs
{parabolic mirrors), and dish Stirling (bowl-shaped mirrors), The
size and location of a solar energy installation determines whether

2008
Year

2007 2008 2009 2010

20 MW) solar energy schemes and distributed solar energy schemes [ie, non

residential and residential} in the United States. Total PV capacity was 900 MW in 2010; approximately double the capacity of 2009. Data reprinted from Sherwood | [14].

Photo credits: RR Hemandez, Jeff Quvale, National Green Power,
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it is distributed or utility-scale. Distributed solar energy systems
are relatively small in capacity {e.g., < 1 megawatt [MW]). They
can function autonomously from the grid and are often integrated
into the built environment {e.g., on rooftops of residences, com-
mercial or government buildings; solar water heating systems:;
portable battlefield and tent shield devices; |25,102]). Distributed
solar contrasts strikingly with utility-scale solar energy (USSE)
enterprises, as the latter have relatively larger economies of scale,
high capacity {typically > 1 MW), and are geographically centralized
—sometimes at great distances from where the energy will be
consumed and away from population centers. In the United States
{US), solar energy has grown steadily over the past decade and
rapidly in recent years (Fig. 1). The USSE capacity in this country
quadrupled in 2010 from 2009, while both residential and nonresi-
dential capacity increased over 60% during that same period. Similar
increases in USSE have also been observed in Australia, China,
Germany, India, ltaly, and Spain [90,111,113,128,139].

As a paradigm of clean and sustainable energy for human use,
reviews on the environmental impacts of solar energy date back to
the 1970s |49,71|. For example, Lovins |71] provided a conceptual
framework by which an energy scheme’s position along a gradient
from soft (benign) to hard {(harmful) is determined by the
energetic resiliency (or waste) and environmental conservation
(or disruption) for its complete conversion from source to final
end-use form. More recent reviews of the environmental impacts
of solar energy systems have emphasized fundamental life-cycle
elements (upstream and downstream environmental impacts
associated with development; |126]) or were focused on specific
regions {e.g., Serbia; [90]) or fauna of interest (Lovich and Ennen,
2012). The observed increase in USSE and studies elucidating their

t ' Potential Effect on

environmental properties underscores the importance of under-
standing environmental interactions associated with solar energy
development, especially at regional and global scales and how
these impacts may reduce, augment, or interact with drivers of
global environmental change.

Here, we provide a review of current literature spanning
several disciplines on the environmental impacts of USSE systems,
including impacts on biodiversity, water use and consumption,
soils, human health, and land-use and land-cover change, and
land-atmosphere interactions, including the potential for USSE
systems to mitigate climate change, Drawing from this review, we
show (1) mechanisms to integrate USSE environmental co-benefit
opportunities, (2) permitting and regulatory issues related to
USSE, and (3) highlight key research needs to better understand
the nexus between USSE and the environment.

2. Enwvironmental impacts of utility-scale solar energy systems

Environmental impacts (see Fig. 2 for complete list) of USSE
systems may occur at differential rates and magnitudes throughout
the lifespan (i.e., construction, operation, and decommission) of a
USSE power plant, which varies between 25 and 40 years. Drawing
from experiments evaluating direct and indirect impacts of USSE
systems and studies evaluating processes that are comparable in
likeness to USSE activities, we discuss impacts related to biodiversity,
water use and consumption, soils and dust, human health and air
quality, transmission corridors, and land-use and land-cover change.

Potential Ecological :

Environment | Response

powet plant, transmission codridors, and
substation Infrastraciure

€0, and other
grecnhoute gas dynamics.

emisslons

changes in precipitation
regime

changes in land surface
o
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| P —
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Technotogy Key IE]
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DHSTRIBUTED AND UISSE

Fig. 2. Solar energy effectors for uttlity-scale selar energy technologies (ALL USSE )L including concentrating solar power {USSE CSP) and photovoltaics (USSE PV), and for both
utility-scale and distributed schemes (distributed and USSE). Effectors have one or more potential effects on the environment with one or more potential ecological

responses. Photo credit: RR Hernandez.
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2.1, Biodiversity

In general, distributed and USSE installations integrated into
the existing built environment (¢.g.. roof-top PVs) wilt likely have
negligible direct effects that adversely impact biodiversity [25].
Studies quantifying the direct impact of USSE on biodiversity in
otherwise undisturbed habitats are few (|75.107); Lovich and
Ennen [70]; Cameron et al, [142]; |81]); however, these combined
with other disturbance-related studies provide insight into how
USSE power plants may impact biodiversity losses locally within
the USSE footprint (i.e., all areas directly transformed or impacted
by an installation during its life cycle}), where the aboveground
vegetation is cleared and soils typicaily graded, and regionally by
landscape fragmentation that create barriers to the movement of
species and their genes {101,

2.1.1. Proximate impacts on biodiversity

As USSE sites typically remove vegetation and soils are graded,
locating USSE on iand where biodiversity impacts are relatively
small has been shown te be a feasible strategy for meeting both
renewable energy and conservation goals (|39]; Cameron et al.,
2012). For example, Fluri |39| showed that the strategic siting of
USSE infrastructure in South Africa could create a nominal capacity
of 548 gigawatts {GW) of CSP while avoiding all habitats support-
ing endangered or vulnerable vegetation. After a site has been
chosen, solar energy projects may employ repatriation and trans-
location programs—when individuals of key native species are
collected from impacted habitat, moved, and released into reserve
areas previously inhabited and not previously inhabited by the
species, respectively. The low success rates of repatriation and
transtocation programs (e.g., < 20%; |29,38]) have rendered them
an expedient when all other mitigation options are unavailable

| 19]. These and other post-siting’ compliance measures to mini-
mize biodiversity impacts (e.g., land acquisition, road fencing) are
expensive, usually target a single species, and do not guarantee
benefits to the organisms they are designed to support [70). The
repatriation and translocation of organisms is complicated by
climate change, which requires taking into account the dynamic
character of species’ distributions for both assessing biodiversity
impacts of single and collective USSE projects and for determining
suitable habitat for repatriation or translocation. Additionally,
some species, such as birds, cannot be moved and may be
attracted to certain USSE infrastructural elements. McCrary [75]
found mortality rates, compared to other anthropogenic impacts
on birds, low for USSE systems, and Hernandez {unpublished data)
observed nests on the backside of PV module infrastructure
{Fig. 3). Soil disturbances and roads can further increase mortality
rates of organisms or serve as conduits for exotic invasions, which
can competitively extirpate native species [42,140].

2.1.2. Indirect and regional effects on biodiversity

Less proximate impacts on bicdiversity may also occur indir
ectly within the USSE footprint {i.e., all areas directly transformed
or impacted by an installation during its life cycte}, beyond the
footprint, and regionally by tandscape fragmentation that create
barriers to the movement of species and their genes [ 101 ]. In the
southwest US, anthropogenic sources of oxidized and reduced
nitrogen may be elevated due to emissions from increased vehicle
activity or the use of CSP auxiliary naturai gas burners, promoting
invasions by exotic annual grasses that increase fire frequencies
[594). Additionally, environmental toxicants required for USSE
operation {e.g., dust suppressants, rust inhibitors, antifreeze
agents) and herbicides may have insalubrious, and potentially

Fig. 3. ({a) and (b)) McCrary et 3l |76 documented the death of 70 birds (26 species| over 40 weeks, including effects of scavenger bias, resuiting from the operation of a
10 MW concentrating solar thermal power plant {Solar One, Mojave Desert, CA: 1)1 This cquates to a mortality rate of 1,9-2.2 individual birds per week. Two causes of death
were identified: most prevalent was collision with site infrastructure {81%], particularly with heliostats, and to a lesser degree. burning when heliostats were oriented
towards standby points (19%), especially for acrial foraging species. Additionally, they found that the large, man-made evaporation pools increased the number of species
five Told in the local area. lmpacts on bird moriality may increase non-lincarty wath increasing USSE capacity. {c) Hernandez {unpublished data] observed several hird nests
on the backside of PV module infrastructure at a USSE power plant in the Central Valley of California {San Joaquin Irrigation District MV Plant, Valley Home, CA, USA] Photo

credit: Madison Hoflacker.



770 RR. Hernandez et ol. / Renewable and Sustainable Energy Reviews 29 {2314) 766-779

long-term, consequences on both local and regiconal biodiversity
|1.70].

Habitat loss and fragmentation are recognized as the leading
threats to biological diversity |{35,136). The land-use efficiency,
footprint, and infrastructural design of individual USSE installa-
tions vary significantly |51t | and therefore individual power plants
affect landscapes in unique ways. Utility-scale solar energy infra-
structure may fragment habitat and serve as linear barriers to the
movement patterns of certain wildlife species. Whereas highly
mobile or wide-ranging species may be able to circumvent USSE
infrastructure, some features may be insurmountable to less mobile
species, increasing the risk of gene flow disruption between
populations, Decisions regarding the placement of USSE infrastruc-
ture likely take into account current species distributions, but
climate change may alter future distributions and wildlife dispersal
corridors [52]. Determining species’ responses to novel climate
shifts is inherently uncertain and scale dependent, but nevertheless
tools exist to model such distributional shifts (e.g., [11]).

2.2, Water use and consumption

Energy and water are interdependent [123]. USSE technologies
vary in their water withdrawal (total volume removed from a water
source) and consumption (volume of withdrawn water not returned
to the source) rates, creating unique tradeoffs. Photovoltaic energy
systemns have low rates (0.02 m*/megawatt hours [MW h}), consum-
ing water only for panel washing and dust suppression in places
where dust deposition is problematic [41]. Currently, washing panels
or mirrors with water is the most common strategy for dust removal
in arge solar installations [73]. A recent analysis of water use by
USSE installations in the southwestern US indicates that water for
dust control is @ major component (60-99%) of total water consump-
tion in both dry cooled CSP and PV installations (Ravi et al, in
review), whereas no information is available for other regions where
USSE installations are expected to increase in the near future. Even
though other cleaning technologies {e.g., electrostatic) exist, most are
not yet commercially available, and the impacts of conventional
technologies (eg., cleaning using chemical sprays) on the environ-
ment are not completely understood (50,65}

In the case of CSP, the water consumption depends on the
cooling system adopted—wet cooling, dry cooling, or a combina-
tion of the two (hybrid cooling) [ 108]. Concentrating solar pewer
consumes vast quantities of water in wet cooling (i.e.. 3.07 m3f
MW h), which is greater than coal and natural gas consumption
combined |18,108]. The use of dry cooling, which reduces water
consumption by 90% to 95%, is a viable option in water-limited
ecosystems. Historically, reduced efficiency and higher startup
costs have been an economic deterrent to dry cooling |108].
However, Holbert and Haverkamp [53] found that dry cooling
startup costs are offset by 87-227% over a 20-year time interval,
owing to cost savings in water use and consumption. Global
regions already water stressed, such as many arid and semiarid
habitats, may be vulnerable to changes in local hydrology |133],
such as those incurred by USSE activities. In water-constrained
areas. the deployment of USSE projects may also conflict with the
use of water by other human activities (e.g. domestic use,
agriculture), at least at the local scale [18,108). Ultimately, the
choice of dry or wet cooling in a CSP plant can lead to highly
divergent hydrological impacts for USSE facilities.

2.3. Soil erosion, aeolian sediment transport, and feedbacks to
energetic efficiency

Aridlands, where USSE facilities are often concentrated [51], are
also areas where high winds result in aeolian transpent of sand
and dust, Some of that sediment transport is controlled by desert

vegetation, but the installation of USSE infrastructure requires
extensive landscape modification. Such modifications include
vegetation removal, land grading, soi compaction, and the con-
struction of access roads; activities that increase soil loss by wind
and water [14,37].

The major agents of natural degradation are soil particulates isilt
and clay), as well other particulate pollutants such as industrial
carbon (C) |98,99]. Given its variable composition, dust emissions
have a broad spectrum of impacts ranging from human health, global
biogeochemical cycle, hydrologic cycle, climate, and desertification
(e.g.. [46,87,88,95]). In one semiarid ecosystem, Li et al. |68] recorded
a 25% loss of total organic € and total nitrogen in the top 5 cm of soil
following devegetation. Studies conducted in southeast Spain have
found that 15 years after the removal of vegetation in a semiarid site,
the total organic C remtained ~ 30% lower compared to undisturbed
areas, which also showed greater microbial biomass and activity
levels | 12]. Decreases in the availability of resources resulting from
soil erosion can result in biodiversity losses and impede the recovery
of vegetation |4,47,104]. Moreover, reduction in vegetative cover are
strongly linked to increased dust production and even modest
reductions in grass or shrub cover have been shown to dramatically
increase dust flux [68,80].

Dust deposition can incur a negative feedback to solar energetic
performance by decreasing the amount of solar radiation absorbed
by PV cells |45]. Even suspended dust in the near surface atmo-
sphere decreases the amount of solar radiation reaching the panel
surface |45]. Deposition on solar panels or mirrors is site-specific
and modulated by several factors, including soil parent material,
microclimate, and frequency and intensity of dust events, but
several studies have demonstrated energy production losses
exceeding 20% [33,34,45,85]. Nonetheless, long-term fietd studies
to quantify dust impacts on solar energy production are limited.
For example, Ibrahim [55] experimentally demonstrated that solar
modules installed in the Egyptian desert that have been exposed
to dust for a period of one year showed an energy reduction of
about 35%. Kimber et al. [61] investigated the effects of deposition
on energy production for large grid-connected systems in the US
and developed a modeling framework for predicting soiling losses.
These authors found that for North American deserts, PV system
efficiency declines by an average of 0.3% per day during periods
without rain [61]. The National Renewable Energy Labecratory
analyzed 24 PV systems throughout the US and calculated a
typical derate factor (percentage decrease in power output) due
to dust deposition of 0.95% [74]. [n many desert ecosystems dust
deposition rates are sufficiently high as to adversely impact solar
power generation |G67,98].

Chatlenges to manage dust loads may be amplified by increases
in dust production related to land-use change, climate change (e.
g.. increases in aridity) or disturbance to biological soil crusts (e.g.,
fires, grazing, agriculture, energy explorationfdevelopment; [13];
Field et al.|37]; [95]). Even if USSE-related dust production is kept
at bay, climate models predict an increase in aridity and recurrent
droughts in dryland regions of the world (e.g.. | 109!), which may
enhance soil erosion by wind and subsequent dust emissions. As
these emissions can compromise the success of a USSE installation
itself when they reduce its potential to generate electricity,
effective dust management is advantageous to ensure efficient
power generation while minimizing deleterious environmental
and health impacss.

2.4. Human health and air quality

As with the development of any large-scale industrial facility,
the construction of USSE power plants can pose hazards to air
quality. the health of plant employees, and the public |122]. Such
hazards include the release of soii-borne pathogens [91), increases
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in air particutate matter (including PMy s, |46,100]), decreases in
visibility for drivers on nearby roads, and the contamination of
water reservoirs (70]. For example, disturbance of soils in drylands
of North and South America, which are places targeted for USSE,
aids transmission of Coccidicides immitis, a fungus causing Valley
Fever in humans [10]. In areas where surface soil contains traces of
chemical and radicactive contaminants (e.g., radionucleotides,
agrochemical residues), increased aeotian transport resulting from
soil disturbances increases contaminant concentrations in air-
borne dust [95].

During the decommissioning phase, PV celis can be recycled to
prevent environmental contamination due to toxic materials
contained within the cell, including cadmium, arsenic, and silica
dust [144,145]. In the case of inappropriate handling or damaged
cells, these industrial wastes can become exposed, which can be
hazardous to the public and environment {144]. For example,
inhalation of silica dust over long periods of time can lead to
silicosis, a disease that causes scar tissue in the lungs and
respiratory decline. In severe cases, it can be fatal |148). in
addition, chemical spills of materials such as dust suppressants,
coolant liquids, heat transfer fluids, and herbicides can pollute
surface ground water and deep water reservoirs [70,126].

On rooftops, solar PV panels have also been shown to reduce roof
heat flux, conferring energy savings and increases in human comfort
from cooling [31]. In that vein, the insulating properties of rooftop
solar PV may serve co-beneficially to mitigate heat wave-related
illness and mortality [131L The fire hazard potential of both rooftop
and ground-mounted USSE infrastructural materials (e.g., phosphine,
diborane, cadmium), and their proper disposal, presents an additional
challenge to minimizing the environmental impacts of USSE facilities
143). This is particularly true in light of the dramatic increases in the
frequency and intensity of wildland fires in arid and semiarid regions
of the world as a result of climate change (}134], [15]).

2.5. Ecological impacts of transmission lines and corridors

Centralized USSE operations require transmission of generated
electricity to population centers where consumption occurs. This
necessitates the development of expanded transmission infrastruc-
ture, the availability of which has not kept up with demand [21,30.
As of 2007, over 333 kilometers (km; 207,000 miles} of high-voltage
transmission lines { > 230 kV) were constructed in the US electricity
transmission system [78] and this number is expected to rise as
transmissien infrastructure expands to growing population centers
and connects with new renewable energy sources. As the potential
for solar resources in other countries are being discovered so too are
the plans to harness that energy and transmit it across international
borders [27]; such plans are being actively developed to transmit
energy from Middle Eastern and North African regions to European
countries {requiring over 78,000 km of transmissicn lines by project
completion in 2050; [124}). Although essentiat for transporting
energy, the construction of such extensive transmission line net-
works has both long- and short-term ecclogical effects, including
displacement of wildlife, removal of vegetative cover, and degrada-
tion of habitat quality &), the degree of which may depend on land-
use history, topography, and physical features of the sites, as well as
productivity and vegetation types. For example, Lathrop and Arch-
bold [66| estimated that biomass recovery at Mojave Desert sites
disturbed for transmission line tower construction might take 100
years whereas recovery of disturbed transects directly beneath the
transmission lines might take 20 years.

Fragmentation created by transmission corridors in forested
habitats may displace permanent resident species and disrupt
regular dispersal patterns [7.97,107]. While wide transmission
corridors may facilitate new habitat types resulting in higher
diversity or the introduction of new communities |7,58,81]. they

also experience greater edge effects. Sites at different stages of
vegetative recovery have exhibited distinct recolonization pat
terns, with lower native and higher introduced species diversity at
primary successional stages and an increase in native diversity at
mid- and late-successional stages [20]. The ecological effects of
transmission lines and corridors have proven te be varied and
depend on a multitude factors, making appropriate siting crucial,

2.6. Land-use and land-cover change

2.6.1. Land-use dynamics of energy systems

Land and energy are inextricably linked |25]|. When energy
systems are developed, biophysical characteristics of the land
may change (land-cover change, m?}), the human use or intent
applied to the land may change (land-use change, m?)}, and the
land may be used for a specific duration of time {land occupa-
tien, m? x yr; [40,64]). Terrestrial ecosystems vary in their net
primary productivity {rate of accumulation of organic C in
plants), from tropical evergreen forests {1 to 3.2 kgfmZjyr') to
deserts (up to 0.6 kg/m?/yr'), and in their ability to sequester C
in soil | 105]. When land-use and land-cover change occurs - for
example, when vegetation or biological seoil crust is cleared
or when soils are disturbed - above- and below-ground pools
may release C back into the atmosphere as carbon dioxide
(CO;: [26]). Hence, developing energy-related infrastructure
on previously disturbed or contaminated land may result in
lower net C losses than infrastructure erected on undisturbed
lands j26,62,89].

Other key land-use characteristics of energy include land-use
efficiency and reversibility. Land-use efficiency (e.g.. watts per
square meter, fm?) defines the installation’s power relative to its
footprint; the “footprint” being the land area transformed or
impacted by the installation throughout the energy system's
complete conversion chain [40,51]. As energy systems may impact
iand through materials exploration, materials extraction and
acquisition, processing, manufacture, construction, production,
operation and maintenance, refinement, distribution, decommis-
sioning, and disposal, energy footprints can become incrementally
high [40]. Some of this land may be utilized for energy in such a
way that returning to a pre-disturbed state necessitates energy
input or time, or both, whereas other uses are so dramatic that
incurred changes are irreversible |[73]. Irreversibility cost assess-
ments can be employed to monetize restoration and irreversibil-
ity; a functien of the original land cover type and properties of the
land-use and land-cover change incurred | 138,141].

2.6.2. Land-use of utility-scale solar energy

Likely due to its nascent expansion (9], studies evaluating land-
use characteristics of USSE systems are relatively recent, few, and
focused geographically. Hsu et al. |54] described the complete energy
conversion chain of PV USSE systems, which necessitates materials
acquisition, infrastructure and module manufacture, construction,
operation and maintenance, material disposal, and decommissioning.
The complete energy conversion chain of CSP is similar, but compli-
cated by auxiliary natural gas and electricity consumption [iG].
Fthenakis and Kim |40] stated that indirect Jand impacts related to
materials {e.g., modules and balance-of-system) and energy for PV is
negligible - between 22.5 and 25.9 m*/GWh' - compared to direct
land use. Data on land occupation are rare; however, the lifetime of
USSE infrastructure, including modules, is typically assumed to be
between 30 and 60 years [40].

Studies targeting the direct impact of USSE on land-cover
change are few |51,143,149]. Furthermore, factors controlling
sequestration of C in soils, particularly in aridlands, are not well
understood [72,106], complicating the ability to quantify C losses
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from USSE-related land-cover changes in the ecosystems where
they are most likely to occur [51]. In western US, 97.000 ha (ha) of
federal lands were approved or have pending leases for the
development of USSE while over 18 million ha of land in this
region were identified as suitable for USSE development [135]. In
the same region, Pocewicz et al. [92] found that USSE development
may impact shrublands greater than any other ecosystem type,
with estimates of conversion ranging from 0.60 to 19.9 million ha,
and especially for North American shrubland ecosystems. Smaller
leases on grasslands and wetland ecosystems were approved, and
therefore may also be impacted but to a lesser extent. Hernandez
et al. |51] found that USSE (= 20 MW, planned, under construc-
tion, and operating) in California may impact approximately
86,000 ha: concentrated in the agricultural center of the state
(the Central Valley) and the arid, interior of southern California.
In the Mojave Desert, over 220,000 ha of Bureau of Land

Energy
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Management land has pending applications for USSE develop-
ment. If constructed, creosote-white bursage desert scrub, the
Majave mid-elevation mixed desert scrub, and over 10.000 ha of
desert tortoise habitat would be converted (Cameron et al., 2012}

Land-use efficiency of USSE is determined by the architec-
tural and infrastructural design and capacity of the power plant
but indirectly influenced by a project’'s geography. capacity
factor, technology type, and developer priorities. Hernandez et
al. |51] found the nominal LUE efficiency of USSE in California to
be 35W/m® where a capacity factor of 13% and 33% would
generate a realized LUE of approximately 4.6 and 11.2 W m 2 for
PV and CSP, respectively. Fthenakis and Kim [40] used a nominal
packing factor (based on a single footprint specification) to
determine the land use efficiency of PV and their results,
ranging between 229 and 552 m2/CWh'. were comparable
to [51]
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Fig. 4. Impact of temperature on global photovaltaic solar energy potential. En general, photovoltaic {PV) solar energy output increases with increasing irradiance but
decreases with increasing ambient temperatures. These maps show {a)the global potential of PV energy { kWhikw PV) for a crysralline silicon {¢-Si) module, the most widely
employed in the current market, without considering temperature effect, and (b} the global potential of PV energy (KWh/kW pV) for a crystalline silicon {¢-5i] module
mcluding temperature elfect, High irradiance coupled with low temperatures render the Himalayas, the Southern Andes, and Antarctica high in potential, = 1800 kWh/kw
High temperatures reduce PV solar energy potential in places including southwest United States deserts, notthern Alrvica, and northern Australia. Beth {a) and (b} include
impacts from cloud cover (maps reprinted from Kawayiri et al. [59]1. Not weli understood is how changes in land surface temperatures from climate change, especially heat

waves, will impact future global PY energy output,
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To date, no study has evaluated how USSE land use efficiency
(W{m?) and layout - the infrastructural and architectural design of
a USSE power plant - may impact ecosystem recovery or reverst-
bility. However, the natural recovery of aridlands and other
ecosystems after disturbance can be exceptionally slow. For
example, leases for USSE development on public land in southern
California deserts are typically at the decadal-scale, while com-
plete ecosystem recovery from USSE activities there may require
over 3000 years [59].

2.6.3. Comparing land-use across all energy systems

Land-use and land-cover change impacts from USSE are rela-
tively small when compared to other energy systems [ 146]. [n five
ecosystems in western United States, Copeland et al, [21] found
that actively producing oil and gas leases impact 20.7 mitlion ha of
land (4.5% of each terrestrial ecosystem evaluated) but the total
potential for lands to be disturbed exceeded 50 million ha {11.1%).
In contrast, potential land-cover change impacts from USSE
development was < 1% of all ecosystems combined. In terms of
land-use efficiency, PV energy systems generate the greatest
amount of power per area among renewables, including wind,
hydroelectric, and biomass [40,51]. Notably, ground-mounted PV
installations have a higher land use efficiency (when incorporating
both direct and indirect effects [e.g.. resource extraction]) than
surface coal mining, which is how 70% of all coal in the United
States is extracted [40)]. These results underscore the environ-
mental potential solar energy development may have on land-
cover and land-use change impacts, relative to carbon-intensive
energy and other renewable energy sources.

3. Utility-scale solar energy, land-atmosphere interactions,
and climate change

Assessments of USSE impacts on land-atmosphere interactions,
especially those with climate feedbacks, are increasing in number,
While there are two principal types of solar technologies (i.e., PV
and CSP} recent research on land-atmosphere attributes of USSE
have focused largely on PV [31.76,121], given their relatively larger
deployment globally (65 GW of PV versus 1.5 GW of CSP; Interna-
tional Energy Agency. 2013).

3.1. Utility-scale solar energy and albedo

The radiative balance at the land-atmosphere interface can
shift when the albede of a PV solar installation differs from the
former background albedo. Given their absorptivity, PV panels
have an effective albedo (averaging 0.18-0.23), a function of its
inherent reflectivity and solar conversion efficiency [#3]. Using a
fully coupled regional climate model. Millstein and Menon [76]
showed that a 1 TW PV USSE installation {at 11% efficiency) in the
Mojave Desert would decrease desert surface albedo, thereby
increasing temperatures up to 0.4 C. In cities, albedos average
0.15 to 0.22 and consequently installed PV arrays can potentially
increase albedo for a cooling effect. Taha |121| modeled a high-
density deployment of reof-mounted PV panels (i.e., a distributed
scherne) in the Los Angeles Basin and found no adverse impacts on
air temperature or the urban heat island and predicted upto 0.2 C
decrease in air temperatures under higher efficiency panels.

Although local- and regional-scale land-atmosphere impacts
are fmportant to consider, particularly in environmentally sensi-
tive ecosystems, the global-scale substitution of carbon-intensive
energy for solar energy cannot be understated. Nemet [84| found
that when PV is substituted for fossil fuels at the global scale, the
reduced radiative forcing is 30 times larger than the increase in
radiative forcing from reduced albedo. Further underscoring their

potential, as PV technologies increase in efficiency over time so too
will their effective albedo.

3.2. Utility-scale sofar energy and surface roughness

Changes in radiative balance can also occur due to changes in
surface roughness, In the built environment, changes in roughness
length {mean horizontal wind speed near the ground) is likely to
he negligible given that PV panels are typically roof-embedded or
resting slightly above the roof. In natural environments, specifi
cally deserts, roughness length typically increases given the tall
infrastructure of USSE plants. Indeed, Millstein and Menon |7G|
found that the solar arrays influenced local and regional wind
dynamics up to 300 km away.

3.3, Utility-scale solar energy and climate change

Complicating our understanding of land-atmosphere interac-
tions with USSE is climate change. Arguably one of the biggest
challenges to the depleyment of these facilities will be anticipating
reductions in water resources in areas that are already water
stressed [80]. In 2009, all operating CSP facilities in the US were
wet cooled [18]. Reductions in water availability will have con
sequences for both USSE facility operation and dust deposition on
mirrors or panels (utility-scale and distributed). In places where
more frequent, intense storms may occur, managing cperational
and ecclogical impacts of erosion will be an exigent concern [93].

Another part of the challenge lies in the shifting of climate
envelopes and incidence of extreme weather, Photoveltaic tech-
nologies use both direct and diffuse light to convert energy from
the sun into electricity, but high ambient temperatures reduce
panel efficiency almost linearly (Fig. 4). Consequently, cool places
with high irradiance are the best locations for capturing solar with
PV [5%], Currently, combined uncertainty (i.e., standard deviation)
of PV yield is roughly 8% during the PV system lifetime |123].
Uncertainty may inceease if climate change projections are taken
into consideration, Concentrating solar power efficiency increases
linearly with increasing ambient temperature and proportionally
to direct light and therefore changes in climate also impact CSP
output. Indeed, site-specific favorability for PV and CSP are
projected to vary over time under different climate change
scenarios; for example, CSP may increase up to 10% in Europe
under the Intergovernmental Panel on Climate Change A1B sce-
nario [22].

The substitution of carbon-intensive energy sources for solar
energy has enormous potential to mitigate climate change by directly
reducing greenhouse gas emissions [ 150]. In the US, Zhai et al. {137|
modeled a reduction of CO, emissions from 6.5% and up to 18.8%, if
PV were to comprise 10% of the grid. Recently, a suite of studies
harmonized (i.e., standardized and performed a meta-analysis of data
from a large number of studies) current life cycle analysis literature
to evaluate life cycle greenhouse gas emissions from various solar
energy technologies, including upstream (e.g., resource and raw
material acquisition, product manufacturing). eperational, and down-
stream [e.g., selling and distribution of product, decommissioning
and disposal) processes (Table 1). Photovoltaic solar technologies
ranged from 14 to 45 g C0z-eq kWh ™' |54,60], where CQO3-eq is the
carbon dioxide equivalent, a measure for quantifying the climate-
forcing strength of greenhouse gases by normalizing for the amount
equivalent to CO,. Concentrating solar power ranged from 26 to 38 g
€0;-eq kWh ', for parabolic trough and power tower, respectively
i16]. These emission values were a magnitude of order less
than greenhouse gas emissions from coal, gas, or oil Varun and
Prakash {132}
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4, Utility-scale solar energy co-benefit opportunities

Solar energy is one of the most promising alternatives to fossil
fuels, especially as an atiractive climate change mitigation option
1150}, Clear-cut advantages of solar energy such as utilizing the
sun as a renewable source of electrons and heat, and the reduction
of air and water pollution by fossil fuels, can be complemented by
additional environmental co-benefit opportunities |118,127].
Opportunities include, but are not limited to the (1} utilization of
degraded lands, {2} co-location of solar panels with agriculture,
(3) hybrid power systems, (4) floatovoltaics, and (5} novel panel

Table 1

Comparison of life cycle emissions for solar {grams of carbon dioxide equivalent per
kWh) and conventional, carbon-intensive {grams of carbon dioxide per kWh)
cnergy generation,

Conventicnal systems Renewable systems®

System £-COz/kWh System £2-C0;-cqfkWh
Coal* 975 Concentrating solar power”
Gas’ 608 Parabolic trough® 26
0il 742 Power tower” 38
Nuclear® 24 Photovoltaics
Crystalline-silicon” 45
Thin-film amorphous silicon” 21
Thin-film cadmium telluride’ 14
Copper indium gallium 27
Disclenide’

* Median values, assuming life span of 30 years.

" Excludes auxiliary natural gas combustion and electricity consumption.
© Varun and Prakash | 132].

9115,

* 155

"ig1),

architecture and design that serves to concomitantly conserve
water and land resources (Fig. 5).

4.1. Utilization of degraded lands

Degraded lands comprise approximately one-fourth of all land
on Earth [63]. The development of “brightfields” on degraded
lands {153]-including brownfieids, landfills, mine sites, and other
types of contaminated lands—confer several environmental co
benefits, including obviating additional land-use or land-cover
change. For example, 12,000 ha of salt-contaminated agricultural
land in the San Joaquin Vatley (California, USA; Fig. 5a) are planned
for conversion into a 2.4 GW solar power plant (www.westlands
solarpark.com). Employing water-efficient PV solar technology, the
park's location stands to divert large amounts of water to active,
water-stressed agricultural sites nearby; hence garnering broad
support from various interest groups,

Utilizing degraded land can offer additional environmental
henefits when reclamation of these lands is prioritized. On-site
landscaping using native plants and soii amendments can add to
ecosystem service provisioning {e.g., soil stability, C sequestration}
without the use of additional water and fertilizer inputs.
A 550 MW PV power plant spread over 1400 ha of private, non-
prime agricultural land in San Luis Obispo (California, USA) will
use economical, thin-film PV cells that operate efficiently in the
relatively low light conditions characterizing this area (Fig. 5b).
This mesic site reduces water censumption for panel cleaning and
is also the location of an effort to re-establish the native grasslands
that once dominated [G]. Under and around the panels, sheep will
graze the taller grasses every two months to prevent obstruction
of panels.

India’s First
1 MW Caral-top Selar Power Froject

Fig. 5. Envirenmental co-benefit opportunities of utility- scale photovoltaic solar energy: {{a} and (b)) Utilization of degraded lands, (¢] Co locating solar energy and
agriculture, and (d) Photo credits: Westiands Solar Park, Optisolar, Bert Bostelmann{Getty Images, [111].
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4.2, Co-location with agriculture

Environmental co-benefits can occur when existing agricultural
land is co-located with solar. With potential minimal risks to food
security, co-location schemes can reduce land deficits for energy,
food, and fiber production [25]. A preliminary study by Dahlin
et al. [24] found that US electricity production could be met by
utilizing approximately 11% of of US cropped land, The co-
existence of grazing habitat for livestock, such as sheep and goats,
may curtail the need for vegetation removal and maintenance, or
both, and limit erosion, while supporting both energy and foodf
fiber production (Fig. 5¢). Yet such sites need not be agricultural
land sensu stricto. For example, Japan announced a co-location
plan to diversify their grid by integrating 30 MW of PV in the
unoccupied spaces adjacent to and on top of livestock bams,
agricultural distribution centers, and parking lots |84]. Where land
for agriculture is limited in aridlands, coupled USSE infrastructure
and biofuel cultivation has been suggested as a strategy to
minimize the socioeconomic and environmentat issues resulting
from biofuel cultivation in agricultural lands |96

4.3. Hybrid power systems

The United States Department of Energy [130] estimates that
more than one million ha of land would be required in the US to
achieve the USSE 2030 SunShot scenario of 642 TW h. in the US
and other countries where land is limited, co-location with other
energy systems (e.g., wind, biomass, conventional thermal or
natural gas power plants) may prove advantageous [115,120].
Hybridization and optimization methodelogies for co-locating
solar and wind power are currently being implemented in diverse
gecgraphic regions | 115,120]: Charanka village in India provides an
example of a wind-solar colocation region with 0.5 GW of com-
bined wind and solar energy capacity |113]; a conventional fossil
fuel 44 MW coal plant in Cameo, Colorado has been co-located
with a 4 MW USSE trough for preheating feed water (IEA, [56]);
and, Ordos City, Mongolia is co-locating the largest USSE facility
in the worid at a capacity of 2 GW PV alongside nearby wind and
coal facilities | 28], Uncovering novel synergies between solar and
other energy sources will continue to require diverse project imple-
mentations and industry-relevant field experiments, along with
modeling studies on the energetic advantages and trade-offs of
co-locating USSE with other facilities.

4.4. Fleatovoltaics

A unique water-based design element is the use of “{floatovol-
taics”, Innovative designs for reservoir-based PV modules - such as
polyethylene floating arrays that utilize elastic fasteners to adapt
to varying water levels - are beginning to proliferate globally |36].
Such water-borne PV systems are also being deployed in diverse
water features including the muddy waters of a wastewater
treatment site (Richmend, CA: NRG [85]), a pond where electricity
is generated for the adjacent vineyard located in the Napa Valley,
California |116,117]). and an irrigation canal in Gujarat, India
(Fig. 5d: [112]). This 750-m stretch of irrigation canal in India
has been covered by 1 MW of PV panels, thereby reducing the
need for land transformation and conserving roughly 9-million
liters of water per year owing to reduced evaporation,

4.5. Photovoltaics in design and architecture

tntegrating PVs into infrastructure and architectural elements
can create numerous co-benefits, first by obviating the need for
additional land-use or land-cover change. One study | 103] found
PV noise barriers to be economically profitable when ecoclogical

benefits were included in the cost benefit analysis. Photovoltaic
noise barriers originated in Switzerland in 1989, and today over
9 MW of PV noise barriers have been erected alongside rail and
highway systems in Europe, Australia, and China.

In addition to ground-mounted panels, PV installation on
rooftops has enhanced solar energy production as well |118].
Government incentives known as feed-in-tariffs used in 48 coun
tries encourage the use and growth of renewable energy in both
commercial and residential secters, including PV deployment on
rooftops as it has the potential to contribute energy on a utility
scale. For example, the Canadian province of Ontario has begun a
large-scale PV integration into infrastructure since 2009 and it is
estimated that its total area of viable rooftops can produce up to
30GW of solar energy as compared to 90 CW from ground-
mounted panels in utility-scale solar plants |118]. Similar to
Ontario, USSE companies in Amsterdam are capitalizing on PV
integration into the built-environment through rooftop instala
tions on residential homes |155].

While land and rooftop-based PV installations are typically
connected to a grid system, PV panels can also be used to generate
power for off-grid domestic and non-domestic environments
[ 156]. This setup offers a reliable source of energy for communities
and villages in remote locations that lack access to a central utility
power-line. Off-grid PV systems are vital to rural communities by
providing electricity for basic needs and have a particularly large
impact in developing countries such as India, Indonesia, Sri Lanka,
and Kenya, where only a small percent of rural communities are
grid-connected [ 147, 134).

5. Minimizing adverse impacts of solar energy: Permitting and
regulatory implications

Permitting and regulatory constraints for USSE vary with fand
owneyship (e.g.. public versus private land}, ecological character-
istics {e.g., undisturbed versus previously degraded, critical habitat
for rare species) and cultural significance | 152]. From the perspec-
tive of the public, the benefits of renewable energy development
ought to be weighed against the loss of ecological function, loss
of public access, and the ltoss of irreplaceable cultural resources
[126.151}. From a perspective of energy development alone,
possible delays from permitting reguirements and regulatory
reviews may be seen as having negative effects on financial
returns,

Like other forms of renewable energy, each USSE project will
ineluctably have its own unigque set of social, cultural, environ
mental, technical, and political characteristics [ 152]. Project imple-
mentation may be further complicated by wavering market prices
for Jand acquisition and materials in addition to environmental
regulations and legislation that may vary across county, state, and
national boundaries. Collectively, the wide variation in require-
ments to develop USSE marks a discrepancy in solar energy
implementation amongst different regions.

In general, policies underlying the development of energy systems
in all countries have yet to address all key impacts and externalities.
Consequently, atl the actors and entities involved in a single enterprise
may be working independently to minimize adverse impacts in ways
not regulated or incentivized by policy. Ways to minimize impacts
include: (1} understanding the environmental implications of siting
decisions using adequate inventories of species and processes Tsoutsos
et al. [126). (2) monetizing the actual value of natural capital and
ecosystem services attributed to a parcel of land. (3) siting USSE
systems on land that maximizes energetic output and minimizes
economic and environmental costs Tsoutsos et al. [126] [19]], (4] hav-
ing individuals and entities involved with long-term commitments
to the prgject, and (5) requiring developers to internalize costs.
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In addition, standardizing the rigidity and quality of regulations for all
USSE projects may serve to streamline USSE development.

6. Solar energy and the environment: Future research

Below, we suggest a list of research questions to springboard
future studies aimed at expanding cur understanding of the
interaction between USSE and the environment. We have devel-
oped these questions to bridge empirical gaps that were identified
as a result of this review. Where applicable, we have provided
citations for studies that have addressed each question, in part, or
existing studies that prompted our proposed research questions.
Gaps in the literature where empirical research is lacking are
indicated by the absence of citations.

6.1. Research questions addressing environmental impacts
of utility-scale solar energy systems

Direct, indirect, and regtonal effects on biodiversity

® How do infrastructural design, module configuration, and
shape of a USSE power plant affect biodiversity?

® To what degree are native species impacted by USSE power
plants? {[75]; Lovich and Ennen, [70]) Are there certain taxa,
life histories, or functional types that are more compatible with
USSE than others?

® To what degree does USSE infrastructure serve as a corridor or
impasse for the movement of species and their genes?
Water use and consumption

* How much water is displaced from agricultural and domestic
use for USSE construction and operation? [44]
Soil erosion, aeolian sediment transport, and feedbacks to
energetic efficiency

¢ What is the relationship among USSE electrical generation,
location, and dust?

® Does vegetation beneath panels reduce dust deposition on
modules?
Human health and air quality

® What are best practices for use of dust suppressants, coolant
liquids, heat transfer fluids, and herbicides at USSE facilities?
{Lovich and Ennen,){70].
Ecological impacts of transmission fines and corridors

® How can existing transmission infrastructure and corridors be
maximized for USSE development? [39]
Land-use and land-cover change

® What are the land-use and land-cover impacts of USSE globally
and compared to other energy systems? [40,51,92|

® What is the relationship between land use efficiency and
reversibility? For example, is it better to arrange modules as
close together as possible or spread therm out? [51]

6.2. Research questions addressing utility-scale solar energy,
land-atmosphere interactions, and climate change

Utility-scale solar energy and albedo

® To what extent can the spatial arrangement and materials of
USSE infrastructure be used to enhance cooling (e.g.. in urban
heat islands)? ([31]. Taha, In press)
Utility-scale sclar energy and surface roughness

® How does USSE impact local and regional wind dynamics [76]
Utility-scale solar energy and climate change

® How will climate change impact utility-scale solar energy? [22]

® What is the potential of USSE to mitigate climate change in
various regions worldwide and globally {137}

6.3. Research questions addressing utility-scale solar energy
co-benefit opportunities

Utilization of degraded lands

¢ To what extent are USSE power plants erected on degraded
lands?

® Does USSE infrastructure {e.g., shading) and maintenance
requirements (e.g., panel washing) increase soil C sequestration
in degraded lands?
Co-location with agriculture

® What are the environmental tradeoffs between allocating lands
to USSE development versus agriculture?

® What are the socioeconomic consequences of USSE develop-
ment in agricultural areas? How does USSE development
impact local food security and employment oppottunities?

® Can transpiration from vegetationfagriculture reduce solar
panel temperature thereby increasing efficiency?

® When combining USSE systems and agriculture, what are the
effects on crop yield? {24}
Hybrid power systems

® What environmental and economic advantages and disadvan-
tages lie in the co-location of solar energy with other energy
technologies?

® How can solar hybrid energy systems be optimized? [115,120]
Photovoltaics in design and architecture

® What is the technical potential of USSE as deployed in the built
environment?

® What is the cost-benefit of reof-embedded and rocf-top solar,
including savings derived from reduced cocling needs? [31]

® What are the economic and environmental impacts of distrib-
uted/built environment solar schemes versus USSE in undeve
loped lands? [s there an ideal portfolio ratia?

6.4. Research questions addressing permitting and regulatory
implications

® How do environmental regulations and legislation impacting
USSE development vary across county, state, and national
boundaries?

® How effective are renewable energy policy measures in facil-
itating USSE growth? [118}

7. Conclusion

Utility-scale solar energy systems are on the rise worldwide, an
expansion fueled by technological advances, policy changes, and
the urgent need to reduce both our dependence on carbon-
intensive sources of energy and the emission of greenhouse gases
to the atmosphere. Recently, a growing interest among scientists,
solar energy developers, land managers, and policy makers to
understand the environmental impacts - both beneficial and
adverse - of USSE, from local to global scales, has engendered
novel research and findings. This review synthesizes this body of
knowledge, which conceptually spans numercus disciplines and
crosses multiple interdisciplinary boundaries.

The disadvantageous environmental impacts of USSE have not
heretofore been carefuily evaluated nor weighted against the numer-
ous environmental benefits - particularly in mitigating climate
change - and co-benefits that solar energy systems offer. Indeed,
several characteristics and development strategies of USSE systems
have low environmental impacts relative to other energy systems,
including other renewable energy technologies, Major challenges to
the widespread deployment of USSE installations remain in
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technology, research, and policy. Overcoming such challenges, high-
lighted in the previous sections, will require multidisciplinary
approaches, perspectives, and collaborations. This review serves to
induce communication across relatively disparate disciplines but
intentional and structured coordination will be required to further
advance the state of knowledge and maximize the environmental
benefits of solar energy systems at the utility-scale.
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While photovoltaic (PV) renewable energy production has surged, concerns remain about whether

© ornot PV power plants induce a “heat island” (PVHI) effect, much like the increase in ambient

temperatures relative to wildlands generatas an Urban Heat Island effect in cities, Transitions to PV
plants alter the way thatincoming energy is reflected back to the atmosphere or absorbed, stored, and
reradiated because PV plants change the albedo, vegetation, and structure of the terrain. Prior work

. on the PVHI has been mostly theoretical or based upon simulated models. Furthermore, past empirical

work has been limited in scope to a single biome. Because there are still large uncertainties surrounding

. the potential for a PHVI effect, we examined the PVHI empirically with experiments that spanned
. three biomes. We found temperatures over a PV plant were regularly 3—-4 °C warmer than wildlands

at night, which is in direct contrast to other studies based on models that suggested that PV systems
should decrease ambient temperatures, Deducing the underlying cause and scale of the PVHI effect and

. identifying mitigation strategies are key in supporting decision-making regarding PV development,

particularly in semiarid landscapes, which are among the most likely for large-scale PV installations.

Electricity production from large-scale photovoltaic (PV} installations has increased exponentially in recent dec-
ades'. This proliferation in renewable energy portfolios and PV powerplants demonstrate an increase in the
acceptance and cost-effectiveness of this technology**. Corresponding with this upsurge in installation has been
an increase in the assessment of the impacts of utility-scale PV**-8 including those on the efficacy of PV to offset
energy needs®'®. A growing concern that remains understudied is whether or not PV installations cause a “heat
island” {(PVHI) effect that warms surrounding areas, thereby potentially influencing wildlife habitat, ecosystem
function in wildlands, and human health and even home values in residential areas''. As with the Urban Heat
Island {UHI) effect, large PV power plants induce a landscape change that reduces albedo so that the modified
landscape is darker and, therefore, less reflective. Lowering the terrestrial albedo from ~20% in natural deserts'?
to ~5% over PV panels' alters the energy balance of absorption, storage, and release of short- and longwave
radiation"'"*, However, several differences between the UHI and potential PVHI effects confound a simple com-
parison and produce competing hypotheses about whether or not large-scale PV installations will create a heat
island effect. These mclude: (/) PV instailations shade a portion of the ground and therefore could reduce heat
absorption in surface soils', (1) PV panels are thin and have little heat capacity per unit area but PV modules

© emit thermal radiation both up and down, and this is particularly significant during the day when PV modules

are often 20°C warmer than ambient temperatures, (1) vegetation is usually removed from PV power plants,
reducing the amount of cooling due to transpiration™, (iv) electric power removes energy from PV power plants,
and (v) PV panels retlect and absorb upwelling longswave radiation, and thus can prevent the soil from cooling as
much as it might under a dark sky at night.

Public concerns over a PVHI effect have, in some cases, led to resistance to large-scale solar development. By
some estimates, nearly half of recently proposed energy projects have been delayed or abandoned due to local
opposition'!. Yet, there is a remarkable lack of data as to whether or not the PVHI effect is real or simply an issue

1Schoo! of Geography & Development, University of Arizona, Tucson, AZ, USA. 20ffice of Research & Development,
College of Science, Biosphere 2, University of Arizona, Tucson, AZ, USA. 3Nevada Center of Excellence, Desert
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of Electrical and Computer Engineering, University of Wisconsin-Madison, Madison, Wi, USA. ®Department of
Environmental Science & Technology, University of Maryland, College Park, MD, USA. Correspondence and requests
for materials should be addressed to G.A.B.-G. {email: gregbg@email.arizona.edu)
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Figure 1. Illustration of midday energy exchange. Assuming equal rates of incoming energy from the sun, a
transition from (A) a vegetated ecosystem to (B) a photovoltaic (PV) power plant installation will significantly
alter the energy flux dynamtcs of the area. Within natural ecosystems, vegetation reduces heat capture and
storage in soils (orange arrows), and infiltrated water and vegetation release heat-dissipating latent energy fluxes
in the transition of water-to-water vapor to the atmosphere through evapotranspiration (blue arrows). These
latent heat fluxes are dramatically reduced in typical PV installations, leading to greater sensible heat fluxes (red
arrows). Energy re-radiation from PV panels (brown arrow) and energy transferred to electricity (purple arrow)
are also shown.

associated with perceptions of environmental change caused by the installations that lead to "not in my back-
yard” (NIMBY}) thinking. Some models have suggested that PV systems can actually cause a cooling effect on the
local envirenment, depending on the efficiency and placement of the PV panels'”'®. But these studies are limited
in their applicability when evaluating large-scale PV installations because they consider changes in albedo and
energy exchange within an urban environment {rather than a natural ecosystem) or in European locations that
are not representative of semiarid energy dynamics where large-scale PV installations are concentrated'®'?. Most
previous research, then, is based on untested theory and numerical modeling. Therefore, the potential for a PHVI
effect must be examined with empirical data ebtained through rigorous experimental terms.

The significance of a PVHJ effect depends on energy balance. Incoming solar energy typically is either
reflected back to the atmosphere or absorbed, stored, and later re-radiated in the form of latent or sensible heat
(Fig. 1)***!. Within natural ecosystems, vegetation reduces heat gain and storage in soils by creating surface shad
ing, though the degree of shading varies among plant types™. Energy absorbed by vegetation and surface soils can
be released as latent heat in the transition of liquid water to water vapor to the atmosphere through evapotranspi-
ration - the combined water loss from soils (evaporation) and vegetation {transpiration). This heat-dissipating
latent energy exchange is dramatically reduced in a typical PV installation (Fig. | transition from A-to-B}, poten-
tially leading to greater heat absorption by soils in PV installations. This increased absorption, in turn, could
increase soil temperatures and lead to greater sensible heat efflux from the soil in the form of radiation and con-
vection. Additicnally, PV panel surfaces absorb more solar insolation due to a decreased albedo" 3. PV panels
will re-radiate most of this energy as longwave sensible heat and convert a lesser amount {~20%)} of this energy
into usable electricity. PV panels also allow some light energy to pass, which, again, in unvegetated soils will
lead to greater heat absorption. This increased absorption could lead to greater sensible heat efflux from the soil
that may be trapped under the PV panels, A PVHI effect would be the result of a detectable increase in sensible
heat flux (atmospheric warming) resulting from an alteration in the balance of incoming and outgoing energy
Huxes due to landscape transformation. Developing a full thermal mode! is challenging'™*%, and there are large
uncertainties surrounding multiple terms including variations in albedo, cloud cover, seasonality in advection,
and panel efficiency, which itself is dynamic and impacted by the local environment. These uncertainties are
compounded by the lack of empirical data.

We addressed the paucity of direct quantification of a PVHI effect by simultaneously monitoring three sites
that represent a natural desert ecosystem, the traditional built environment (parking lot surrounded by com-
mercial buildings), and a PV power plant. We define a PVHI effect as the difference in ambient air temperature
between the PV power plant and the desert landscape. Similarly, UHI is defined as the difference in temperature
between the built environment and the desert, We reduced confounding effects of variability in local incoming
energy, temperature, and precipitation by utilizing sites contained within a 1 km area.

At each site, we monitored air temperature continuously for over one year using aspirated temperature probes
2.5 m above the soil surface. Average annual temperature was 22.7 4+ 0.5°C in the PV installation, while the nearby
desert ecosystem was only 20.3+ 0.5 °C, indicating a PVHI effect. Temperature differences between areas varied
significantly depending on time of day and month of the year (Fig. 2), but the PV installation was always greater
than or equal in temperature to other sites. As is the case with the UH1 effect in dryland regions, the PVHI effect
delayed the cooling of ambient temperatures in the evening, vielding the most significant difference in overnight
temperatures across all seasons. Annual average midnight temperatures were 19.3 4-0.6°Cin the PV installation,
while the nearby desert ecosystem was only 15.8 4 0.6°C. This PVHI effect was more significant in terms of actual
degrees of warming (+3.5°C) in warm months (Spring and Summer; Fig. 3, right}.

|6:35070{ DOI: 10.1038/5rep3 5070
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Figure 2. Average monthly ambient temperatures throughout a 24-hour period provide evidence of a
photovoltaic heat island (PVHI) effect.

In both PVHI and UHI scenarios, the greater amount of exposed ground surfaces compared to natural sys-
tems absorbs a larger proportion of high-energy, shortwave solar radiation during the day. Combined with min-
imal rates of heat-dissipating transpiration from vegetation, a proportionally higher amount of stored energy is
reradiated as longwave radiation during the night in the form of sensible heat (Fig. 1)'*. Because PV installations
introduce shading with a material that, itself, shouid not store much incoming radiation, one might hypothesize
that the effect of a PVHI effect would be lesser than that of a UHI. Here, we found that the difference in evening
ambient air temperature was consistently greater between the PV installation and the desert site than between the
parking lot (UHI) and the desert site (Fig. 3). The PVHI effect caused ambient temperature to regularly approach
or be in excess of 4°C warmer than the natural desert in the evenings, essentially doubling the temperature
increase due to UHI measured here. This more significant warming under the PVHI than the UHI may be due
to heat trapping of re-radiated sensible heat flux under PV arrays at night. Daytime differences from the natural
ecosystem were similar between the PV installation and urban parking lot areas, with the exception of the Spring
and Summer months, when the PVHI effect was significantly greater than UHI in the day. During these warm
seasons, average midnight temperatures were 25,5 + 0.5°C in the PV instailation and 23.2 4 0.5 *C in the parking
lot. while the nearby desert ecosystem was only 21.4 +0.5°C.

The results presented here demonstrate that the PVHI effect is real and can significantly increase temperatures
over PV power plant installations relative to nearby wildlands. More detailed measurements of the underlying
causes of the PVHI effect, potential mitigation strategies, and the relative influence of PYHI in the context of the
intrinsic carbon offsets from the use of this renewable energy are needed. Thus, we raise several new questions
and highlight critical unknowns requiring future research.

What is the physical basis of land transformations that might cause a PVHI?

We hypothesize that the PVHI effect results from the effective transition in how energy moves in and out of a PV
installation versus a natural ecosystem. However, measuring the individual components of an energy flux model
remains a necessary task. These measurements are difficult and expensive but, nevertheless, are indispensable
in identifying the relative influence of multiple potential drivers of the PVH! effect found here. Environmental

| 6:35070 | DOI: 10.1038/srep35070
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Figure 3. (Left) Average monthly levels of Photovoltaic Heat Islanding (ambient temperature difference
between PV installation and desert} and Urban Heat Islanding (ambient temperature difference between

the urban parking lot and the desert). (Right} Average night and day lemperatures for four seasonal periods,
illustrating a significant PVHI eftect across all seasons, with the greatest influence on ambient temperatures at

night.

conditions that determine patterns of ecosystem carbon, energy, and waler dynamics are driven by the means
through which incoming energy is reflected or absorbed. Because we lack fundamental knowledge of the changes
in surface energy fluxes and microclimates of ecosystems undergoing this land use change, we have little ability 1o
predict the implications in terms of carbon or water cycling'.

What are the physical implications of a PVHI, and how do they vary by region?

‘The size of an UHI is determined by properties of the city, including total papulation®®-2, spatial extent, and the
geographic location of that city”®"'. We should, similarly, consider the spatial scale and geographic position of
a PV installation when considering the presence and importance of the PVHI effect. Remote sensing could be
coupled with ground-based measurements to determine the lateral and vertical extent of the PVHI effect. We
could then determine if the size of the PVHI effect scales with some measure of the power plant {for example,
panel density or spatial footprint) and whether or not a PVHI eftect reaches surrounding areas like wildlands and
neighborhoods. Given that different regions around the globe each have distinct background levels of vegetative
ground cover and thermodynamic patterns of latent and sensible heat exchange, it is possible that a transition
from a natural wildland to a typical PV power plant will have different outcomes than demonstrated here. The
paucity in data on the physical effects of this important and growing land use and land cover change warrants
more studies from representative ecosystems.

What are the human implications of a PVHI, and how might we mitigate these
effects?

With the growing popularity of renewable energy production, the boundaries between residential areas and
larger-scale PV installations are decreasing. In fact, closer proximity with residential areas is leading to increased
calls for zoning and city planning codes for targer PV installations***, and PVHI-based concerns over polential
reductions in real estate value or health issues tied to Human Thermal Comfort (HTC)™. Mitigation of a PVHI
effect through targeted revegetation could have synergistic effects in easing ecosystem degradation associated
with development of a utility scale PV site and increasing the collective ecosystem services associated with an
area’. But what are the best mitigation measures? What tradeofts exist in terms of various means of revegetating
degraded PV installations? Can other albedo modifications be used to moderate the severity of the PVHI?

| 6:35070 | DOI: 10.1038/srep35070
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Figure 4. Experimental sites. Monitoring a (1) natural semiarid desert ecosystem, (2) solar (PV)
photovoltaic installation, and (3) an “urban” parking lot - the typical source of urban heat islanding -
within a 1 km? area enabled relative control for the incoming solar energy, allowing us to quantify variation
in the localized temperature of these three environments over a year-long time period. The Google Earth
image shows the University of Arizona's Science and Technology Parks Solar Zone,

To fully contextualize these findings in termis of global warming, one needs to consider the relative signifi-
cance of the (globally averaged) decrease in albedo due to PV power plants and their associated warming from the
PVHI against the carbon dioxide emission reductions associated with PV power plants. The data presented here
represents the first experimental and empirical examination of the presence of a heat island effect associated with
PV power plants. An integrated approach to the physical and social dimensions of the PVHI is key in supporting
decision-making regarding PV development.

Methods

Site Description. We simultaneously monitored a suite of sites that represent the traditional built urban
environnient {a parking lot} and the transformation from a natural system (undeveloped desert} to a | MW
PV power plant (Fig. 4; Map data: Google). To minimize confounding effects of variability in local incoming
energy, temperature, and precipitation, we identified sites withina 1km area. All sites were within the boundaries
of the University of Arizona Science and Technology Park Solar Zone (32.092150°N, 110.808764°W; elevation:
888m ASL). Within a 200 m diameter of the semiarid desert site’s environmental monitoring station, the area is
composed of a sparse mix of semiarid grasses (Sporobolus wrightii, Eragrostis lehmanniana, and Mullenbergia
porteri), cacti (Opuntia spp. and Ferocactus spp.}, and occasional woody shrubs including creosote bush (Larrea
tridentata), whitethorn acacia (Acacia constricta), and velvet mesquite (Prosopis velutina). The remaining area is
bare soil. These species commonly co-occur on low elevation desert bajadas, creosote bush flats, and semiarid
grasslands. The photovoltaic installation was putin place in early 2011, three full years prior when we initiated
monitoring at the site. We maintained the measurement installations for one full year to capture seasonal var-
jation due to sun angle and extremes associated with hot and cold periods. Panels rest on a single-axis tracker
system that pivol east-to-west throughout the day. A parking lot with associated building served as our “urban”
site and is of comparable spatial scale as our PV site,

Monitoring Equipment & Variables Monitored. Ambient air temperature (°C) was measured with a
shaded, aspirated temperature probe 2.5 m above the soil surface (Vaisala HMP60, Vaisala, Helsinki, Finland in
the desert and Microdaq U23, Onset, Bourne, MA in the parking lot). Temperature probes were cross-validated
for precision (closeness of temperature readings across all probes) at the onset of the experiment. Measurements
of temperature were recorded at 30-minute intervals throughout a 24-hour day. Data were recorded on a
data-logger (CR1000, Campbell Scientific, Logan, Utah or Microstation, Onset, Bourne, MA). Data from this
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instrument array is shown for a yearlong period from April 2014 through March 2015. Data from the parking lot
was lost for September 2014 because of power supply issues with the datalogger.

Statistical analysis. Monthly averages of hourly (on-the-hour) data were used to compare across the nat-
ural semiarid desert, urban, and PV sites. A Photovoltaic Heat Island {(PVHI) effect was calculated as differences
in these hourly averages between the PV site and the natural desert site, and estimates of Urban Heat [sland
(UHI) effect was calculated as differences in hourly averages between the urban parking lot site and the natural
desert site. We used midnight and noon values te examine maximum and minimum, respectively, differences
in temperatures among the three measurement sites and to test for significance of heat islanding at these times.
Comparisons among the siles were made using Tukey’s honestly significant difference (HSD) test**, Standard
errors to calculate HSD were made using pooled midnight and noon values across seasonal periods of winter
(January-March), spring (April-June), summer (July-September), and fall (October-December). Seasonal anal-
yses allowed us to identify variation throughout a yearlong period and relate patterns of PYHI or UHI effects
with seasons of high or low average temperature to examine correlations belween background environmental
parameters and localized heat islanding.
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ABSTRACT
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Perfluoroalkyl substances (PFAS) can act as surfactants and have been suggested to be capable of affecting gut
mucosa integrity, a possible factor in the pathogenesis of inflammatory bowel disease (IBD). So far, only PFOA
has been shown to have a positive association with ulcerative colitis. The present study aimed to investigate the
assoclation of PFAS and clinically diagnosed IBD in the Ronneby cohort, a population with high PFAS exposure
{especially high PFOS and PFHxS) from Aqueous Film-Forming Foam through drinking water, using registry
data. Additionally, to explore associations of PFAS with fecal zonulin and calprotectin, subclinical biomarkers of
gut inflammation and permeability, In a sub-set of participants from Ronneby and Karlshamn (a nearby control
municipality}. The registry study included all people that ever resided in Ronneby municipality at least one year
between 1980 and 2013. Yearly exposure to contaminated drinking water was assessed based on residential
addresses and waterworks supply data, and the population classified by early, mid and late periods in ascending
level of contamination. Diagnosed IBD cases were retrieved from the Swedish Nationai Patient register and
cause-of-death register. The Cox proportional hazards model was used to derive the hazard ratios (HRs) for
diagnosed IBD. The biomarker study included 189 individuals who provided fecal samples, Seram PFAS were
measured using LC-MS/MS. Pecal zonulin and calprotectin were measured using ELISA. Linear regression was
used to assess the associations between measured PFAS and biomarker levels. In the registry study, no raised HRs
for diagnosed IBD were found for cohort subjects with mid (1995-2004) or late period (2005-2013) exposure
compared to never exposure, Early period exposure only (1985-1994) showed raised HRs for Crohn's disease
(HR = 1.58, p = 0.048) and other non-specified IBD (HR = 1.38, p = 0.037). In the biomarker study, Karlshamn
showed higher fecal calprotectin levels (median = 99.6 mg/kg in Karlshamn vs. 66.8mg/kg in Ronneby,
p = 0.04), A wend of decreased calprotectin with increased serum PFAS indicated higher PPAS was associated
with tower degree of gut inflammation (p = 0.002). No association between serum PFAS and fecal zonulin was

found. In conclusion, the present study found no consistent evidence to support PFAS exposure as a risk factor for
IBD.

1, Introduction

The incidence and prevalence of non-infectious inflammatory bowel
diseases (IBD) is increasing in the western world, and the annual in-
cidence is around 1 per 1000 inhabitants (Molodecky et al., 2012). IBD

is divided into Crohn's disease, ulcerative colitis, microscopic colitis and
non-specified colitis. The etology and pathophysiology are mainly
unknown, but environmental factors, imbalance in the gut microbiota
and genetic factors are suggested to contribute to the development of
IBD (Dolan and Chang, 2017; Uniken Venema et al., 2017). The
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intestinal barrier is an important protection of the internal milieu from
hazardous external factors, including pathogens. Paracellular intestinal
permeability is carefully controlled by different types of intercellular
junctions that regulate the space between epithelial cells and are reg-
ularized by several proteins (Chiba et al., 2008).

Perfluoroalkyl substances (PFAS) are manmade substances that are
persistent and ubiquitously distributed in the environment, and have
grown into a global contamination problem. The widespread presence
of PPAS in drinking water of localized general populations has been
reported from different parts of the world (Eriksson et al., 2013; Guelfo
and Adamson, 2018; Hu et al., 2016), and also in Sweden. In December
2013, one-third of the households in Ronneby, a2 municipality with
29000 inhabitants in southern Sweden, were found to have been sup-
plied by PFAS-contaminated municipal drinking water. The con-
tamination had developed over decades. The source of PFAS was
Aqueous Film-Forming Foam (AFFFs), which had been used at a nearby
military airfield since the mid-1980s. Biomonitoring in more than 3500
Ronneby participants approximately 6 months after cessation of the
contamination showed very high serum levels of PFAS, especially per-
fluorohexane sulfonic acid (PFHxS) and perfluorooctane sulfonic acid
(PFQS), while perfluorcoctancic acid (PFOA) levels were markedly low.
Serum PFHxS, PFOS and PFOA concentrations showed very high cor-
relations in the Ronneby population (spearman's r > 0.8) {Li et al,,
2018).

A large and increasing number of studies have reported that PFAS
are associated with adverse effects (Domingo, 2012 European Food
Safety Authority, 2018) . The association between PFAS exposure and
IBD is, however, little studied and limited to PFOA. In the C8 com-
munity cohort with 32 000 individuals, Steenland et al. {2013) found a
significant association between retrospectively estimated serum PFOA
and ulcerative colitis, but not with Crohn's disease. An increased risk of
ulcerative colitis was also found in a cohort with more than 3000
workers (Steenland et al., 2015). Additionally, in a case-control study,
ulcerative colitis was inversely associated with serum PFHxS and PFOS,
and positively but more weakly for PFOA, in a population with gen-
erally low PPAS levels (i.e. median in controls PFOA 1.3 ng/ml, median
PFHxS < 1.6 ng/ml, median PFOS < 4.2ng/ml) (Steenland et al,
2018). However, in this design, serum measurements were made after
diagnosis so the PFAS prior to diagnosis is uncertain.

Although a potential association between PFOA and ulcerative co-
litis was found in the C8 study, the underlying mechanism is unclear, A
tentative mechanism could be that as PFAS act as surfactants they
might negatively affect gut mucosa integrity (Cs4ki, 2011). Biochemical
analysis for selected biomarkers can provide an opportunity to in-
vestigate early effects of PFAS on the gastrointestinal tract. Calpro-
tectin, a neutrophil cytosolic protein mainly expressed in cells of the
myeloid lineage (Ehrchen et al., 2009; Odink et al., 1987; Zwadlo et al.,
1988), is a mediator of chronic inflammation via its role in monocyte
recruitment to the inflammatory site (Eue et al., 2000). The measure-
ment of calprotectin concentrations in feces thus serves to screen effi-
ciently for the presence of any kind of inflammation throughout the
gastrointestinal tract with high sensitivity, and is frequently used as a
diagnostic tool to follow the course of IBD in clinical practice (Erbayrak
et al., 2009; Walsham and Sherwood, 2016). An increase level of fecal
calprotectin indicates a relapse of IBD (Walsham and Sherwood, 2016).
Another biomarker, zonulin, has been reported to be associated with
increased intestinal permeability in the in vitro studies (Fasano, 201Z;
Sapone et al., 2006), and has been suggested to play a plausible role in
IBD (Vanuytsel et al., 2013). However, since zonulin is secreted not
only by the gut epithelium but also by several extra-intestinal tissues
such as adipose tissue, brain, heart and immune cells (Vanuytsel et al.,
2013; Zak-Gotab et al., 2013), the levels of zonulin in serum do not only
reflect only intestinal secretion. Fecal zonulin, therefore, has been
suggested as a marker of intestinal permeability (Malitkova et ai.,
20117). Pecal calprotectin and zonulin are relatively new biomarkers,
and this is the first study investigating their associations with PFAS
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exposure,

In the present study, we aimed to: 1) investigate the relative risk of
clinically relevant IBD in relation to PFAS exposure using a registry-
linkage study design, by assessing the associations between degree of
historical PFAS exposure and diagnosed IBD in the Ronneby cohort; and
2) investigate subclinical indicators of risk for IBD and understanding
potential mechanisms of PFAS activity using selected biomarkers in a
cross-sectional study design, by assessing the associations between
measured serum PFAS and biomarkers in feces reflecting intestinal in-
flammation and permeability (i.e. fecal calprotectin and zonulin)
among subjects from Ronneby and a nearby municipality with clean
drinking water (Karlshamn). We hypothesized that PFAS exposure
through drinking water could increase intestinal permeability and in-
duce inflammatory changes, reflected as elevated levels of the bio-
markers, and further lead to increased incidence of IBD, reflected as
higher hazard ratio in the region.

2, Methods

2.1. Registry study

2.1.1. Ronneby cohort

The cohort consists of all people that ever resided in Ronneby mu-
nicipality at least one year between 1980 and 2013 (n = 63 074, 33 218
men and 29856 women). From Statistics Sweden (www.scb.se), we
obtained information about registered yearly addresses, vital status and
emigration. A person was censored at the event, at emigration, at death
or at the end of the study period. Using the personal identity number
and national diagnosis registries, a person's outcome is available no
matter where they reside in Sweden,

2.1.2. Exposure assessment

The exposure assessment was based on a person's yearly residence
addresses and the archive indicating the area of waterworks supply over
time. After connecting the addresses to the waterworks supply data, we
could determine if a residential address was provided with clean or
contaminated municipal water for each year during 1980-2013.
Extensive measurements in private wells in the municipality had not
revealed any substantial PFAS levels; thus, residents with private wells
were considered unexposed. All addresses outside Ronneby munici-
pality were assumed to have uncontaminated water, Although no clear
information was available about when the drinking water contamina-
tion started, we tentatively set 1985 as the start of exposure since it is
known that the use of AFFFs at the airfield started in the mid-1980s.
Moreover, due to the fact that PFAS are not degrade and very persistent
in the environment, we assume that PFAS levels in the contaminated
water was accumulated over years after 1985.

First, a very crude exposure assessment was performed using a di-
chotomous exposure variable (never/ever living at address with con-
taminated municipal drinking water supply).

Next, a four-category time-based variable was created. PFAS levels
in the contaminated water were likely increased over time as emissions
accumulated and due to its persistence in the environment. A person
can move, both within Ronneby and in/out of the municipality over the
whole study period, but given the long half-life of PFAS in serum their
exposure classification each was the highest exposure group they had
reached up to then, A residential address in the contaminated water
district was denoted as “not exposed” (1980-1984; assumed no water
contamination before 1985), “early” (at least one year during
1985-1994, the lowest PFAS exposure category), “mid” (at least one
year during 1995-2004) and “late” (at least one year during
2005-2013, the highest PFAS exposure category). The cut-off of each
exposure period was set reflecting the half-lives of PFAS (3-7 years, Li
et al., 2018). The early, mid and late exposure periods last at least one
half-life of PFHxS and about 2-3 half-lives of PFOA and PFOS. In an-
other Ronneby study with the same exposure assessment, it has been
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confirmed that PFAS exposure at late period was higher than the other
two periods (Andersson et al., 2019).

Using the four-category time-based variable, the exposure classifi-
cation (Exp) for a person could change over time. A person was exposed
in a given exposure period, and remained at that level unless exposure
occurred in a later time period. For instance, if one person continuously
lived in the contaminated area from 1985 to 2013, Exp was “early”
1985-1994, “mid” 1995-2004 and “late” 2005-2013. For details see
Supplementary Tables S1. The exposure assessment has been previously
used to analyze the associations to thyroid disease in the Ronneby co-
hort (Andersson et al., 2019).

In the cohort, 6.5% of the persons were exposed at residential ad-
dress during all three periods (i.e. their Exp changed from early to mid
to late), and 2% were exposed during early and mid but not during late
petiod. 74% were never exposed at residential address during the whole
study period. The percentage of persons in each exposure scenario are
given in Supplementary Tables §1.

2.1.3. Cutcome assessment

Health outcomes were collected from two national registers. 1) The
Swedish National Patient Register, which includes hospital in-patient
care since 1987. From 2001, also hospital out-patient visits from both
public and private healthcare systems are included. 2) The cause-of-
death register, which includes the death information of all persons re-
gistered in Sweden since 1961.

We obtained diagnoses of Crohn's disease, ulcerative colitis and
other IBD {other or non-specified diagnoses) according to the ICD codes
in Table 1. When defining an event, both primary and secondary di-
agnoses, as well as primary and secondary causes of death, were con-
sidered. 26 (2%) out of 1284 IBD events were retrieved only from
cause-of-death register (i.e. no prior IBD diagnosis in the National Pa-
tient Register). Microscopic colitis was included in the “other or non-
specified IBD” group because of low prevalence. The outcome assess-
ment was scrutinized by a senior specialist in gastroenterology (B
Ohlsson). There were some patients who had different IBD diagnoses at
different times (e.g. Crohn's disease at some visits and ulcerative colitis
at other visits). These patients were inctuded in the “other or non-
specified IBD” group. The date of the first registered event in those
cases was used for analysis,

2.1.4. Statistical analysis

A Cox proportional hazards model, with calendar year on the time
axis, was used to estimate the associations between the PFAS exposure
variable (dichotomous or four categories, based on residence address
with/without contaminated water supply, see section 2.1.2) and each
IBD outcome. Gender and age (categorical variable: 0-25, 26-50,
51-75, 76 and older) were included in the model. A test of trend in
exposure was performed by including the four-category time-based
indicator variable as a linear effect. The proportionality assumption was
tested by testing if the interaction term, exposure*calendar year, was
significant (p < 0.05) (PROC PHREG in SAS 9.4 was used).

True IBD is very rare in pre-teenagers (Ludvigsson et al., 2017},
thus, the analyses were made for ages 11 years and older. A minimum
of 10 cases per exposure classification (i.e. never/ever, or never/early/
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mid/late} was required for each analysis.

Several sensitivity analyses were performed using the same Cox
model. First, we performed separate analyses for men and women, since
a recent published paper reported a gender-based difference in the in-
cidence of IBD (Shah et al., 2018). Then, we performed analyses in-
cluding only the in-patient registry (1980-2013) since the out-patient
registry started after 2001, and analyses for post 2001 included both in-
patient and out-patient registry, Third, we performed separate analyses
for subjects below and above 45 years-old, since studies showed that
people aged above 45 years had higher incidence and prevalence of IBD
(Hou et al., 2013; Dahlhamer et al., 2016). Forth, we performed ana-
lyses with additional adjustment for highest educational level as an
indicator for socioeconomic status in subjects over 30 years-old (highest
educational level was only available for adults), since socioeconomic
status may be a potential confounder.

2.2. Biomaker study

2.2.1. Study participants
There were in total 189 subjects from Ronneby and Karlshamn (the

control municipality) who provided fecal samples for biomarker ana-
lysis. The subjects came from three subgroups in the larger Ronneby
study:

1. Subgroup 1 (n = 57) was a pilot study, which included subjects
from a panel study established in 2014 (Li et al., 2018). These
subjects were repeatedly sampled 10 times from June 2014 to May
2018. At the 6th blood sampling in March 2016, they provided fecal
samples. The fecal biomarkers were analyzed in March 2016.

2. Subgroup 2 (n = 113) included subjects participating both in open
blood sampling in the municipality 2014-2015 and a resampling in
May 2016, which also included fecal samples. The fecal biomarkers
were analyzed in January 2017.

3. Subgroup 3 (n = 19) included subjects from Karlshamn (a nearby
municipality with clean drinking water) who provided parallel
blood and fecal samples in May 2016, The fecal biomarkers were
analyzed in January 2017.

2.2.2. Exposure biomarker measturement

PFAS measurements in serum were carried out at the Division of
Occupational and Environmental Medicine, Lund University, using li-
quid chromatography coupled to tandem mass spectrometry (LC-MS/
MS) and determined as the total, non-isomer specific compounds (Li
et al., 2018). Briefly, aliquots of serum were added with isotopically
labeled internal standards and proteins precipitated before analyzes on
a LC (UFLCXR, SHIMADZU Corporation, Kyoto, Japan) connected to
the MS/MS (QTRAP 5500, AB Sciex, Poster City, CA, USA). The ana-
lyses of PFOS and PFOA are part of a quality control program between
analytical laboratories (Erlangen-Nuremberg, Germany). We also cal-
culated and presented the sum of three PFAS (E3PFAS, unit: amol/mb),
which refer to the sum of the molar concentration of PFHxS, PFOS and
PFOA.

Table 1
ICD codes used to identify diagnoses of various inflammatory bowel disease.
Disease ICD 8 ICh 9 ICD 10
Crohn's disease 563.00 555 K50
Ulcerative colitls 561.02, 563.10, 569.02 556 K51
Other or non-specified inflammatary bowel dissase 561.03"%, 561.04%, 563.99° 558" K52.1, K52.2, K52.3", K52.8, K52.9"

Note: ICD, International Statistical Classification of Diseases and Related Health Problems.
* Non-specified diagnosis. If a non-specified diagnosis is followed by a specified one, the early date of the first non-specified diagnosis is used as the start date of the

specified diagnosis.
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2.2.3, Effect biomarker measurement

Fecal samples were stored at —80 "C until analyzed within a few
months after collection. All tests were carried out in duplicate in a
blinded manner. 15 mg fecal samples were used for each biomarker.

The calprotectin concentration was determined by an enzyme-
linked immunosorbent assay (ELISA) kit (Immundiagnostik AG,
Bensheim, Germany, Batch number K6927-161 124) based on the two-
site sandwich technique in which the intensity of the color was directly
related to the calprotectin concentration in the sample. Samples were
read at 450 nm, and the 4-parameter-algorithm was used to form the
standard curve and to calculate data. The concentration is presented as
mg/kg. Mean concentration in fresh feces from healthy volunteers is
25 mg/kg, and > 50 mg/kg is considered a positive value. Inter-assay
and intra-assay coefficients of variance (CVs)} for controls are
4.4%8.9% and 4.4%-5.6%, respectively, according to the manu-
facturer.

The zonulin concentration was determined by an ELISA kit
(Immundiagnostik AG, Batch number K5600-160519) using the com-
petitive binding technique. Biotinylated zonulin tracer was added to the
samples, standards, and positive and negative controls as a competitor
to the sample's own zonulin. The intensity of the color was inversely
proportional to the zonulin concentration in the sample. Samples were
read at 450 nm, and the 4-parameter-algorithm was used to form the
standard curve and to calculate data. The concentration is presented in
ng/mi, Based on the manufacturer’s studies of apparently healthy per-
sons (n = 40}, 2 mean value of 61 + 46 ng/ml was estimated in feces.
Inter-assay and intra-assay CVs for controls are 12.7%-13.9% and
3.296-5.9%, respectively, according to the manufacturer.

The fecal calprotectin and zonulin measurements were performed
with the same reagent batches but on different date, i.e. in March 2016
for subgroup 1 (pilot) and in January 2017 for subgroup 2 and 3.

2.2.4. Statistical analysis

In the present study, serum PFAS levels for 2 samplings for subgroup
1 and 2 (i.e. PFAS 2014 and PFAS 2016) together with PFAS in 2016 for
subgroup 3 were reported and used for association analysis. Zonulin
and calprotectin were natural logarithm-transformed to improve the
model fit. The correlation between zonulin and calprotectin were tested
using Spearman’s correlation. The associations between serum PFAS
and fecal biomarkers were assessed using linear regression model ad-
justed for age, gender and BMI. First, all analyses were performed se-
parately in each subgroup, since subgroup 1 had biomarker measure-
ments a half-year earlier than the other two subgroups, and levels of
biomarkers were different between two times of lab measurements (see
Table 6). For subgroup 2 and subgroup 3, where the fecal biomarkers
were analyzed at the same time, the adjusted mean differences of bio-
markers were tested. In the next step, an additional analysis was per-
formed with merged subgroup 2 and 3 together. We calculated Z3PFAS
and then divided subjects into four PFAS groups: the first group con-
sisted everyone in subgroup 3 (as the reference since they were subjects
from control region Karlshamn); the second to fourth groups were di-
vided based on the tertiles of £3PFAS in subgroup 2. Linear regression
was used to test if there was a rend between increased PFAS levels and
increased biomarker levels by including the indicator for the 4 PFAS
groups as a linear effect.

Several sensitivity analyses were carried out. In subgroup 2, there
were six subjects treated with proton pump inhibitors, a class of drugs
that inhibit gastric acid secretion in the treatment of ulcers and gas-
troesophageal reflux disease, which may influence fecal calprotectin
and zonulin levels (Katzka et al., 2014; Poullis et al., 2003). Therefore,
a sensitivity analysis was performed by excluding these six subjects in
subgroup 2. Additionally, 79% of the subjects in subgroup 1 had
smoking data. A sensitivity analysis was performed in subgroup 1 using
the same linear regression model with smoking habits (never/ever
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Table 2

The characteristics of the Ronneby cohort (all persons ever living in Ronneby
municipality) during the entire study period (1980-2013) and at different ca-
lendar years.

All Men Women
Entire period
Counts of persons 63074 33218 29 856
Counts of persons ever exposed at 16150 8327 7823
home address (start from 1985)
Person years (start from 1980) 1303876 673859 630017
Crohn's disease diagnosis and/or 194 102 92
death
Ulcerative colitis diagnosis and/or 298 165 133
death
Other or non-specified IBI) diagnosis 792 351 441
and/or death
All IBD diagnosis and/or death 1284 618 666
1980 (before start of the exposure)
Counts of persons 20478 15087 14391
Age (mean + std) 39.6 = 234 381 x 228 41.1 £ 238
Children < 18yrs (%) 22% 24% 21%
Ever exposed at home None None None
1985 (at start of the exposure)
Counts of persons 32042 16378 15664
Age (mean + std) 402 + 232 388 * 226 417 + 238
Children < 18 yrs (%) 20% 21% 19%
Ever exposed at home 5100 2582 2518
1995 (during the study period)
Counts of persons 37254 19125 18129
Age (mean * std) 404 = 22.5 391 x 21.7 41.8 * 23.2
Children < 18 yrs (%) 17% 17% 16%
Ever exposed at home 8658 4419 4239
2005 (during the study period)
Counts of persons 43092 22416 20676
Age (mean x sud) 416 * 21.6 40.5 * 209 429 =+ 223
Children =< t8yr= (%) 14% 14% 14%
Ever exposed at home 10837 5543 5294
2013 (at the end of the study period)
Counts of persons 47672 24949 22723
Age (mean * std) 431 = 21.6 423 = 209 440 = 223
Children < 18yrs (%) 13% 13% 13%
Bver exposed at home 13267 6809 6458

Note: IBD, inflammatory bowel diseases,

Table 3

Number of cases and crude incidence {cases per 100000) of inflammatory
bowel diseases (IBD) for different calendar years in the Ronneby cohort (in-
dividuals ever living in Ronneby, 1980-2013).

Calendar year
80-85 8690 9195 9600 01-05 O06-10 11-13
Crohn's disease
Cases * 15 22 20 22 36 48 k)|
Incidence * 8.1 13.2 11.1 11.3 17.2 21.3 22.0
Ulcerative colitis
Cases * 29 19 27 19 105 58 41
Incidence * 15.6 11.4 15.0 9.8 S0.4 258 29.2
Other or non-specified IBD
Cases * 4 45 92 86 217 218 130

Incidence * 2.2 27.0 51.0 44.3 1044 976 93.3
All BD

Cases * 48 86 139 127 158 324 202

Incidence *  25.9 51.7 773 65.7 173.2 146.2  146.2

* All ages are included.

smoker} as an additional adjustment, since smoking has been reported
to be associated with IBD (Mahid et al., 2006). Statistical analyses were
performed using R version 3.3.2,
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Table 4

Number of cases and crude incidence (cases per 100 000) of inflammatory
bowel diseases (IBD) in different age groups in the Ronneby cohort during the
period 1980-2013.

Age at event

0-10 11-15 16-20 21-30 31-45 46-65 66-85 86

Crohn's disease

Cases 2 11 16 50 60 32 21 2

Incidence 1.7 17 21.6 24.5 19.4 10.2 10.9 8.1
Ulcerative colits

Cases 2 2 15 65 77 91 44 2

Incidence 1.7 3.1 20.3 318 24.9 29.2 228 8.1
Other or non-specified IBD

Cases 226 31 25 78 98 127 173 34

Incidence 1935 48.2 34.0 38.2 31.7 407 B899 138.1
All IBD

Cases 230 44 56 193 235 250 238 38

Incidence 197.0 685 762 950 76,4  80.6 1242 1546

Table 5

Result of Cox proportional hazard regression for diagnosis (morbidity or mor-
tality) of inflammatory bowel diseases (IBD) during 1980--2013 in the Ronneby
cohort (children aged 0-10 years excluded).

Bxposure classification *  Cases  Person-year  HR (95%<1) © p
Crohn's disease
Never 146 939638 1
Bver 46 243798 1.07 (0.76, 1.50) 0.70
Never 146 939638 i
Early 23 96550 1.58 (1.00, 2.49) 0.048
Mid 11 85201 0.72(0.39,1.37) 0.33
Late 12 62047 0.87 (0.47,1.62)  0.66
Ulcerative colitis
Never 238 938745 1
Ever 58 243 629 0.83 (0.62, 1.11) 0.20
Never 238 938745 1
Early 20 96576 0.88 (0.55, 1.40) 0.58
Mid 24 85093 0.86 (0.56, 1.32) 0.48
Late 14 61960 0.73 (0.42, 1.28) 0.28
Other or non-specified IBD
Never 418 937 311 1
Ever 148 242970 1,13 (0.94, 1.36) 0.20
Never 418 937 311 1
Early 51 965413 1.38 (1.02, 1.86) 0.037
Mid 52 84972 0.99 (0.74, 1.33) 0.94
Late 45 61585 1.08 (0.78, 1.50) 0.63
All [BD
Never 802 933129 1
Ever 252 241 447 1.03 (0.90, 1.19) 0.65
Never 802 933129 1
Early 94 95963 1.26 (1.01, 1.57) 0.038
Mid 87 84415 0.91 (0.72, 1.14) 0.42
Late 71 61069 0.96 (0.74, 1.23) 0.72

* Exposure (PFAS-contaminated water supply at residential address) was
classified into two or four classes, according to section 2.1.2.

b Calendar year on time axis, gender and age (11-25, 26-50, 51-75, 76 and
older) were included.

3. Results

3.1 Registry study

Table 2 describes the characteristics of the Ronneby cohort subjects
and IBD diagnoses for the entire study period and at specific calendar
years, i.e. before start (1980), at start (1985), during (1995 and 2005),
and at the end of the study period (2013).

Table 3 shows the crude incidence for IBD diagnosis categories over
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Table 6
The characteristics, concentrations of serum PFAS and fecal biomarkers for
study subjects in each subgroup.

min  25% Median Mean 75% max
Subgroup 1 (Ronneby Panel study, n = 57)

Age 4 35 49 48 66 B3
BMI 14 22 24 24 27 36
PFHxS (2014) (ng/ml) 52 182 363 403 574 1304
PFOA (2014) (ng/ml) 4 11 20 23 29 74
PFOS (2014) (ng/ml) M 118 216 224 300 604
E3PFAS (2014) (nmol/mD) * 0.3 0.7 1.4 1.5 2.1 4.3
PFHxS (2016) (ng/ml) 20 127 274 314 443 1011
PFOA (2016) (ng/ml) 2 8 12 15 20 52
PFOS (2016) (ng/ml) 22 68 142 149 202 542
E3PFAS {2016) {nmol/ml) 01 04 1.0 1.1 1.5 37
Zonulin (20156) (ng/mil) 9.7 663 1057 1327 1684 4821

Calprotectin (2016) (mg/kg) 09 129 197 421  47.0 4037
Subgroup 2 (Ronneby,Re-sampling, n = 113)

Age 15 36 46 44 52 69
BMI {2016) 18 24 26 27 30 40
PFHxS (2014) (ng/ml) 1 124 231 285 408 1097
PFOA (2014) (ng/ml) 1 9 16 17 23 62
PFOS (2014) (ng/ml) 1 147 271 314 449 1063
£3PFAS (2014) (nmol/ml) 001 06 1.2 14 20 4.8
PFHxS (2016) (ng/mb} 1 9% 205 239 341 1016
PROA (2016) (ng/m!) 1 [ 9 10 14 40
PFOS (2016) (ng/ml) 1 105 188 223 314 916
L3PFAS (2016) (nmol/ml) 001 05 0.9 1.1 1.5 45
Zonulin (2016) (ng/ml) 227 784 1114 1358 1553 937.6

Calprotectin (2016) (mg/kg) 3.2  27.9 668 927 1269 5294
Subgroup 3 (Karlshamn, n = 19)

Age 26 34 52 49 58 68
BMI (2016) 21 23 25 27 2
PFHxS (2016) (ng/ml) 1 1 1 1 2 2
PFOA (2016) {ng/mi) 1 1 2 2 2 3
PFOS (2016} (ng/ml)} 1 4 5 6 7 19
LIPFAS (2016) (nmol/mi) 001 001 002 002 0.02 005
Zomulin (2016) (ng/ml) 271 631 797 997 1317 2287

Calprotectin (2016) (mg/kg) 340 601 996 1199 1614 296.4

* Sum of the molar concentration of PFOS, PFHxS and PFOA.

time. Before 2000, there were only in-patients registered in the Swedish
National Patient Register. The marked apparent increase in incidence
after year 2000 is an artefact due to the inclusion of hospital out-patient
visits, which started in 2001. The high incidence of other or non-spe-
cified IBD is largely explained by patients with multiple different re-
gistered diagnoses at different hospital visits (e.g. a diagnosis of Crohn's
disease at one visit and ulcerative colitis at another visit). Separate
incidence for men and women are given in Supplementary Table $2.

Table 4 shows the crude incidence by IBD diagnosis category in
different age groups. As expected, Crohn's disease and ulcerative colitis
were very rare diagnoses among children. However, a spuriously high
incidence of other IBD among children at 0-10 years old was observed.
This is probably due to misdiagnosis of non-specific abdominal pain or
infectious gastroenteritis. Separate incidence for men and women are
given in Supplementary Table 83.

There was no increased hazard ratioc (HR) for any kind of diagnosed
IBD when comparing subjects ever exposed to subjects never exposed.
Higher HRs for Crohn's disease (HR = 1.58, 95% CL 1.00, 2.49), other
or non-specified IBD (HR = 1.38, 95% CI: 1.02, 1.86) and all IBD
(HR = 1.26, 95% CI: 1.01, 1.57) were found in the cohort subjects with
early exposure (1985-1994) compared to subjects never exposed.
However, the increased HRs were not found for the subjects with mid
exposure (1995-2004) (50% of them also had early exposure) or the
subjects with late exposure (67% of them also had early and/or mid
exposure). For ulcerative colitis, no signs of increased HRs were found
for any exposure period (Table 5).

When analyses were performed in men and women separately, no
significantly higher HRs were found for any kind of IBD in either men or
women (Supplementary Table S4). The sensitivity analyses with only
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hospital in-patient visits (1980-2013), as well as with in-patient and
out-patient visit for post 2001, did not shown any statistically sig-
nificant HRs (Supplementary Table S5 and $6). The age-specific sensi-
tivity analyses showed a very high HR for Crohn's disease (HR = 3.06,
95% CI: 1.51-6.19) for cohort subjects above 45 years-old with early
exposure (Supplementary Table $7, part II), but not for those with
younger age (Supplementary Table 57, part I). However, it should be
noted that there were only a few cases for the age-specific analysis, and
due to the few cases for mid and late exposure, we could not get HR for
those exposure periods. The sensitivity analyses with additional ad-
justed for highest education level showed similar HRs in the models
with and without education level (Supplementary Table $8), indicating
that socioeconomic status is not a serious confounder in this study.

3.2, Biomarker study

There were 60%, 66% and 79% females in subgroup 1, 2 and 3,
respectively. The median age and BMI were comparable across the
three subgroups (Tabie ). PFAS were measured at two time points for
subgroup 1 and 2 (from Ronneby population}, and, as expected, a clear
decrease was observed for each PFAS from 2014 to 2016. PFAS from
subgroup 3 (Karlshamn) were only measured once in 2016 and showed
low levels (Table 6).

There was very little correlation between fecal zonulin and calpro-
tectin in subgroup 1 (spearman’s r = -0.18, p = 0.18) and subgroup 3
{spearman's r = 0.079, p = 0.75), but a positive correlation in sub-
group 2 (spearman's r = 0.41, p < 0.001). Subgroup 2 showed slightly
higher zonulin levels (p = 0.10), but significantly lower calprotectin
levels (p = 0.04), than the unexposed subjects in subgroup 3 after ad-
justing for age, BMI and gender.

No significant association was found between Z3PFAS and fecal
zonulin in each subgroup, neither measured concurrently nor using
serum PFAS, measured approximately two years earlier. Similarly, no
association was found for calprotectin (Table 7). The separate asso-
ciations with PFOS, PFHxS and PFOA are listed in Supplementary Table
59, Only one negative significant association was found, and it was
between concurrent PFOA and fecal zonulin in subgroup 2 (out of 30
comparisons).

The analyses with merged subgroup 2 and 3 (i.e. biomarkers ana-
lyzed at the same time) showed a significant trend of decreased cal-
protectin levels across increased L3PFAS (p for trend = 0.002), and a
significant lower calprotectin level in group 4 (with highest Z3PFAS
level), together with a close to significant lower calprotectin in group 3
compared to group 1 {Table 8). No such trend was evident for zonulin.

The sensitivity analysis without subjects with treatment of proton
pump inhibitors showed similar results to the original analyses
(Supplementary Table $10). Moreover, the sensitivity analysis in sub-
group 1 with additional adjustment for smoking habits did not change
the significance of the effects (Supplementary Table S11).

Table7
Associations between SSP_F_A_S and fecal_ zor_mlin and call_)rotectln.
Zonulin * Calprotectin *
P (95%CT) © p B (95%CT) * p

Subgroup 1 (Ronneby Panel study, nn = 57)
E3PFAS (2014) 0.01 (-0.25, 0.28) 0.92
E3PFAS (2016) 0.04 (-0.29, 0.38) 0.80

Subgroup 2 (Ronneby, Re-sampling, n = 115)
L3PFAS (2014) 0.03 (-0.17, 0.11) 0.68
E3PFAS (2016) -0.10 (-0.26, 0.07) 0.26

Subgroup 3 (Karlshamn controls, n = 19)

EL3PFAS (2016) -6.51 (-37.0, 24.0) 0.65

.0.10 (-0.47, 0.26)  0.57
-0.02 (-0.49, 0.44) 092

-0.13 (-0.37, 0.11) 0.27
-0.14 (-0.42, 0.14) 0.31

-9.27 (-45.6, 27.0) 0.59

* Zonulin and calprotectin were natural logarithm wansformed,
" Linear models adjusted for age, BMI and gender.
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4, Discussion

In this study, we hypothesized that PFAS exposure through drinking
water could be a risk factor for IBD, evidenced by positive associations
to fecal biomarkers (indicators for intestinal inflammation and perme-
ability) and subsequently higher incidence of diagnosed IBD. However,
a lack of a dose response across estimated retrospective time-based
exposure (indicating increasing exposure levels during the study
period) in the registry study, together with a lack of positive association
between measured serum PFAS and fecal biomarkers (i.e. calprotectin
and zonulin) in the biomarker study does not support an association
between PFAS exposure and risk of IBD.

Our findings contrasted the evidence found in the C8 study, where
increased risk of ulcerative colitis in adults exposed to PFOA through
contaminated drinking water near a chemical plant was reported
(Steenland et al., 2013). In the C8 study, PFOA exposure derived from
emissions from a Du Pont factory. PFOA was the dominant PFAS
component serum on average. They investigated six autoimmune dis-
eases (i.e. ulcerative colitis, Crohn's disease, rheumatoid arthritis, type
1 diabetes, lupus and multiple sclerosis) in the PFOA-exposed popula-
tion, and the only positive finding was an increased risk of ulcerative
colitis in relation to degree of PFOA exposure. This finding along with
the absence of associations with other autoimmune diseases, especially
with Crohn's disease, prompted us to seek confirmation in another PFAS
exposed population, though with a different PFAS exposure profile. The
exposure in Ronneby was unique, almost a natural experiment: one
third of the households in the municipality had been exposed to high
levels of PPAS in drinking water for a long time and with a sudden
cessation. The AFFF-induced PFAS contamination caused high exposure
to PFOS and PFHXS, but to a lesser extent to PFOA. Notably, PFOS and
PFHxS levels were highly correlated.

In the registry study, using persons never living at an address with
contaminated drinking water as reference category, we found sig-
nificantly higher HRs for Crohn's disease and other or non-specified IBD
for cohort subjects with only early period exposure, in contrast, subjects
with mid and late period exposure had lower HRs (although not sig-
nificant), In the Ronneby cohort, it has been confirmed that PRAS serum
levels for those exposed in the late period were high {Andersson et al.,
2019). In addition, after checking the historical exposure of the cases, it
was found that cases with early exposure had on average 2.5 years of
early period exposure prior to diagnosis, whereas cases with late ex-
posure had had on average 4.8 years of early period exposure. There-
fore, the higher HRs for the cases with early period exposure are not
explained by higher PFAS exposure level nor longer exposure time
during the early period. If not a chance finding, or due to unmeasured
confounders (e.g. smoking or alcohol intake), it could be speculated
that higher HRs for the early period followed by lower HRs for the mid
and later period for the certain IBD could stem from susceptibility in
segments of the population: Under this hypothesis, subjects who were
more predisposed to develop these diseases, and therefore more sus-
ceptible to PFAS would be more likely to get disease in the early period
and became censored in the analysis, while those who did not get a
diagnosis during the early period exposure were subsequently less
susceptible to getting the disease.

However, it should be noticed that the incidence rate of Crohn's
disease and ulcerative colitis were slightly higher in the Ronneby cohort
than other populations in Sweden. Lapidus (2006) reported an in-
cidence rate of Crohn's disease of 8.3 per 100000 person-years in
Stockholm county during 1990-2001, compared to 10.5 in the Ronneby
cohort from 1990 to 2000, Por ulcerative colitis, Rénnblom et al. (2010)
reported an incidence of ulcerative colitis of 17.5 per 100 000 person-
years in Uppsala during 2005-2007, compared to 23.9 from 2005 to
2009 in the Ronneby cohort. The difference in incidence rate may be
due to regional difference. We speculate that some other unmeasured
environmental exposure or people's individual behavior in Blekinge
province (Ronneby, Karlshamn and Karlskrona) could affect gut mucosa
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Table 8
Association between E3PFAS exposure and fecal zonulin and calprotectin in the subjects from Ronneby and Karlshamn controls.
PFAS group * Median Zonulin * Calprotectin *
LE3PFAS PFHxS PFOA PFOS £ (95%C) P P for trend B (95%CI) © P P for trend
{nmol/m) (ng/mi) (ng/ml) (ng/ml)
Reference (subgroup 3) 002 1.1 1.7 5.5 - - 0.56 - - 0.002
Tertiles 1 0.3 61 3 65 0.31 0.074 017 ¢.56
(-0.03, 0.66) (-0.73, 0.39)
Tertiles 2 0.9 196 9 184 0.27 0.11 0.51 0.068
(-0.06, 0.61) (-1.05, 0.04)
Tertiles 3 1.8 397 16 364 0.17 0.32 0.73 0.008
(-0.16.0.50) (-1.27, 0.20)

* PFAS tertiles was defined based on Z3PFAS in subgroup 2 in 2016.
b Zonulin and calprotectin were natural logarithm transformed.
¢ Linear models adjusted for age, BMI and gender,

and be responsible for the slightly increased incidence rate, evidenced
by higher calprotectin in the Karlshamn subjects (without PFAS ex-
posure) compared to the Ronneby subjects in the biomarker study.

The biomarker study with cross-sectional serum PFAS and fecal
calprotectin and zonulin provided no evidence of a positive association
between PFAS exposure and the subclinical risk of IBD. Instead, a trend
of decreased calprotectin across increased exposure was found, in-
dicating that lower gut inflammation was associated with higher ex-
posure, and the drop of calprotectin was about 48%6 in the highest PFAS
tertile (e.g. median PFHxS = 397 ng/ml) compared to the lowest re-
ference (median PFHxS = 1.1 ng/ml). The strong negative trend was
opposite to what we expected and the causality is not clear. It could be
that PFAS causes a reduction in calprotectin. On the other hand, it is
also possible that people with lower calprotectin have better gut in-
tegrity and better enterchepatic circulation with higher reabsorption of
PFAS, which in turn, leads to higher serum PFAS level. Moreover, the
significantly lower calprotectin in the highest compared to the lowest
PFAS tertiles may rather be due to ecologic differences other than PFAS
exposure. The reference group in the analysis was set as subjects from
the nearby municipality, who had significantly higher calprotectin le-
vels compared to Ronneby subjects. Taken together with the absence of
an association between measured PFAS and calprotectin within sub-
group 2 and subgroup 1 (subjects from Ronneby), there may be some
other unmeasured factors which are responsible for the higher calpro-
tectin levels in Karlshamn. Zonulin levels were not different between
Karlshamn and Ronneby subjects, and it was not associated with PFAS
levels in any subgroup. No trend was found for zonulin across PFAS
groups, either. All these results suggested that there was no association
between PFAS exposure and fecal zonulin.

The biomarker study is novel in assessing fecal calprotectin and
zonulin associated to PFAS exposure. These two relatively new bio-
markers of gut inflammation and permeability represent a new ap-
proach to explore the underlying mechanism of PFAS exposure on
gastrointestinal health, as well as a possible tool to explore PFAS
elimination through gastrointestinal tract in future studies. Calprotectin
is a recent and sensitive biomarker for measuring mucosal inflamma-
tion, and is found at increased levels in response to all kinds of ulcer,
inflammation or malignancy. The reference range is < 50 mg/kg feces
for fresh samples and the clinically important level is recommended
as < 100-150 mg/kg feces (Erbayrak et al., 2009; Walsham and
Sherwood, 2016). However, unexpectedly high levels were noticed in
some subjects from subgroup 2 and 3. We measured biomarkers in
frozen samples, thus preanalytical variation cannot be ruled out. Zo-
nulin is described as a biomarker reflecting intestinal permeability
(Fasano, 201 2}. The ELISA kit commercially available has recently been
shown to identify properdin, in addition to zonulin or pre-haptoglobin2
(Scheffler et al., 2018). Studies performed so far have described how
zonulin is associated with metabolic syndrome and higher levels of
weight, glucose and insulin (Ohlsson et al., 2017), factors associated

with increased intestinal permeability, but no study has hitherto ex-
amined a potential association with PFAS exposure. Our finding of the
negative association with calprotectin warrants further studies with
larger sample size or longitudinal design to address the direction of
causality.

The strength of the registry study is the complete follow-up through
national registration on yearly residency, hospital-based diagnoses and
information on the waterworks’ distribution networks in the munici-
pality. The limitation is the crude exposure assessment since informa-
tion about PFAS drinking water levels only exists from 2013, While are
confident that PFAS exposure and serum levels in this population have
increased over time, the relative extent of exposure between the time-
based exposure variables is uncertain, and some exposure mis-
classification may have occurred. Additionally, lack of information of
the possible intake of PFAS contaminated water from outside the home
address, other exposures and covariates than age and gender may
conceivably have contributed to the significant higher HRs for the
subjects with only early drinking water exposure.

In the biomarker study with cross-sectional design, the causality
between PFAS exposure and subclinical risk of IBD could not be in-
ferred. It is possible that intestinal permeability or inflammation would
affect PFAS reabsorption or excretion and in turn affect PFAS serum
levels. The smaller sample size in the biomarker study, especially in the
stratified analysis, limits the statistical power to identify true assocla-
tions. Moreover, although smoking has been reported to be associated
with IBD (Mahid et al., 2006), we could not adjust for smoking for all
analyses due to the large proportion of missing data. However, in the
pilot study (subgroup 1) we had good quality smoking data and results
with adjustment for smoking habits remained the same: no associations
between serum PFAS and fecal biomarkers were found. Biomarkers for
subgroup 1 were measured at different time point than the two other
subgroups. The laboratory used the same batch of ELISA kits for bio-
marker measurements at the two different time points, but the notable
difference in the levels, especially for calprotectin, may be due to pre-
analytical variation in sample preparation. Such a large difference
made it inappropriate to pool the data from all subgroups, since the
associations could be affected by the inter-laboratory differences in
measurements. The high correlation between PFOS, PFHxS and PFOA
in the Ronneby population limited the possibility to distinguish in-
dividual PFAS, instead, our study investigated the associations between
a total mixture of PFAS exposure from AFFFs and risk of IBD. Ad-
ditionally, we could not link the registry study to the biomarker study
due to sensitive personal data protection. Therefore, it is not possible to
exclude subjects who already had IBD in the biomarker study, and it is
not possible to test if there is an association between IBD incidence and
fecal biomarkers in our cohort. However, due to the fact that IBD is not
a common disease, the proportion and number of subjects with IBD
would be very small.
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5. Conclusion

We did not observe consistent inereased HRs for IBD incidence
based on estimated PFAS exposure in the registry study, or any positive
association between measured serum PFAS and fecal biomarkers in the
cross-sectional study. Therefore, our findings provide no evidence of an
association between PFAS exposure from AFFFs and risk of IBD.
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The environmental pressure effect on thermal runaway and fire behaviors in the 18650 lithium-ien
battery (LIB} with various cathedes and states of charge {SOC) are experimentally investigated in this
work. The fire hazards were charactenzed by the combustion process, total mass loss (TML) and total
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1. Introduction

Lithium-ion battery (LIB} is widely used in the field of energy
storage and conversion because of its greatly improved energy
density, no memory effect, long cycle life and low environmen-
tal pollution. At present, LIBs have the potential and prospects
of becoming the mainstream technology for power devices, but
the bottleneck 15 the safety {Lisbona and Snee, 20111 [n recent
years, the fire accidents of electric vehicles and large-scale energy
storage power stations appearing worldwide are on the rise, and
the thermal runaway of LIBs has become the most serious safety
accident in the usage {Wang et al., 2012; Ouyang et al., 2018a].
Thermal runaway is often caused by separator broken due to extru-
sion deformation, puncture or high temperature baking, causing
a short circuit between the positive and negative electrodes, or
due to external short circuit of the battery (Wang et al., 2018). The
LIB internaily accumulates a large amount of heat in a short time
{Wang et al., 2019a). The decomposition of the positive and nega-
tive materials and the electrolyte happens causing the LIB to ignite
and explode, which seriously threatens the safety of the user’s life
and property. With the demand for high capacity. the thermal sta

* Corresponding author,
E-mail address. chenmy@ujs.edu.cn (M. Chenl

hetps:fidoi.org/ 10.1016/j.psep.2019.08.023

the environmental pressure. Meanwhile, the environmental pressure has a significant influence on the
combustion heat that the THR value at high pressure is relatively bigger than that at low pressure. The
unit growth rate in combustion heat between the two pressures also increases with the SOC,

€ 2019 Institution of Chemical Engineers. Published by Elsevier B.V. aAll rights reserved.

bility of the battery will be worse, and the safety risk will be greater
in the future (Liu et al., 2016a; Larsson et al., 2018). Therefore, it is
necessary to take measures to prevent safety problems.

Fire is one of the most serious accidents in various industries,
may lead to serious property damage and casualties {Scarpont
et al., 2018). So the researchers conducted in-depth studies on
the fire such as the flame characters (Li et al,, 2019a}, detec-
tion approach {Wu et al., 2019}, and fire-fighting methods {Lv
et al., 2019; Tang et al., 2019). In recent years, the problem of LIB
fire has received extensive attention and achieved many research
results. The researchers conducted a detailed analysis of the ther-
mal runaway principle of LIB, and discussed the differences in their
combustion behavior (Said et al., 2019a; Quyang et al.. 2019; Mao
etal, 2018; Wang et al., 2017). Lithium batteries undergo complex
thermal runaway reactions before the ignition releasing a large
amount of heat and gases (Feng et al, 2018; Shah et al, 2016;
Larsson et al., 2014). Wang et al. found that the probability of LIB
thermal runaway occurrence increases with the charging currentin
the charging process and decrease with the discharging resistance
during discharging {Wang et al., 2019b). At the same time, the fires
of LIBs are manifested in various forms, which are mainly affected
by the battery cathode materials, state of charge (SOC), and pack
structure(Fuetal.,2015; Huangetal..2015; Chenetal., 2017a; Chen
et al,, 2019; Ouyang et ai,, 2018b}. The increase in SOC resultsina
decreasein the thermal runaway initial temperature and maxtmum

0957-5820/€ 2019 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Appearance and charge process of two LIBs.

temperature (Jiang et al., 2018). The surrounding environment of
LIB has asignificant impact onits thermal runaway behavior such as
that the critical current causing thermal runaway declines with the
increase of environmental temperature {Guo et al., 2017). Lithium
battery fires can alse release toxic gases such as hydrogen fluo-
ride and sulfur dioxide, which have a great impact on personnel
safety (Larsson et al., 2017; Lecocq et al., 2016). In the case of toxic
gas leaks, especially for large lithium battery powered buses, it is
important to accurately identify hazardous areas and take effec-
tive measures to quickly evacuate people from hazardous areas and
minimize accidentat losses (Li et al., 2011). In the meanwhile, the
research on fire propagation model and fire extinguishing technol-
ogy of LIB pack is developed (Li et al..2019b; Ping et al., 2018; Huang
ctal., 2016}, Said et al. found that the thermal runaway propagation
speed of LiBs in air was much higher than that innitrogen(Said et al,,
2019b). Changing the SOC of LIBs is also an effective way to slow
down the thermal runaway propagation speed in the battery pack
{Lee et al, 2019). Thermal management of the LIB pack by phase
change material {PCM), air cooling, liquid cooling, etc., can signifi-
cantly suppress the overheating and thermal runaway, and reduce
the probability of fire {(Yuan et al, 2019; Ye et al., 2018; Zhao et al.,
2018). On the other hand, in seme low-pressure situations such as
at high altitudes, aircraft or spacecraft, the occurrence and develop-
ment of L1B fires differs from the standard atmospheric conditions,
The environmental pressure has a significant impact on the igni-
tion and combustion characteristics of combustible materials (Fu
etal., 2018; Chenetal., 2017b; Bjerre et al.. 2017). Previous studies
have found that the environmental pressure changes the burning
rate and combustion heat through the experiments on common
materials (Liu et al., 2016b; Zhou et al., 2014; Panchal et al., 2016:
Tao et al., 2013; Giurcan et al., 2017). However, little research has
been done an the thermal runaway and combustion characteris-
tics of lithium batteries at low pressures. In this paper, the effects
of environmental pressure on the thermat runaway and combus-
tion perfermance of lithium batteries were tested. LIBs with two
kinds of cathode materials and three SOCs were tested under two
environmental pressures. The research on fire safety of LIBs under
different environmental pressures has high practical significance
and scientific value, which is conducive to the safety of air cargo,

2. Experimental setup

The batteries used in recent studies are SONY SE U518650FT
LIBs which use LiFePO, as a cathode material and SAMSUNCG LiCoO;
IRC18650-26FM LIBs as shown in Fig, 1. The detailed specifications

Tabte 1

Specifications of 18650 cylindrical LiBs.
Brand SONY SAMSUNG
Cell type Cylindrical type 18650 Cylindrical type 18650
Cathode material LiFePQy LiCo0y
Anode material Graphite Graphite
Electrolyte Carbonate based Carbonate based
Nominal capacity 1100 mAh 2600 mAh
Size Diameter 18 mm. Diameter 18 mm,

height 65mm height 65mm

Standard voltage 32v 3.7V
State of charge 0%, 50, 100% 0%, 50, 100%
Weight 40g 44g

of these batteries are shown in Table 1. Both kinds of batteries were
tested for charge and discharge before thermat runaway and fire
experiments, and the charging mode was constant current charg-
ing. The comprehensive performance testing system manufactured
by NEWARE China with 8 channels and separate constant current
and voltage source was used to charge and discharge the LIBs. It
can be seen from the Fig. 1 that the electrical performance of them
meets the standard requirements. The battery that satisfied the
etectrical performance was charged and discharged to the speci-
fied SOC {0%, 50%, and 100%}, and it was performed in the thermal
runaway and fire test alter standing for 24 h.

The test platforms which were set to test the thermal run-
away and combustion characteristics of LIBs as shown in Fig. 2
in current study were the in-situ calorimeters constructed both in
Hefei, China (sea-level, 100.8 kPa, 24 m) and Lhasa, China (64.3 kPa,
3650 m], respectively. The structure and test method of the in-situ
calorimeters were identical at two locations. The experiments were
operated both under over-ventilated conditions. In this experi-
ment, an electric heating device which was a square coiled electrical
resistance with a power of 2kW was used to simulate the ther-
mal runaway of the battery. An electronic scale is placed under
the heater to support the entire experimental setup while mea-
suring changes in battery quality. The balance has a measurement
range of 9kg and an error resclution of 0,01 g. The oxygen consump-
tion method is used to measure and calculate the heat release rate
(HRR) (Chow and Han, 2011). There exists some variation in LIB
fire experiments. Based on this consideration, the fire test of each
configuration was repeated three times under the same condition.
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3. Results and discussion

The combustion processes of 100% SOC LiFePO,4 and LiCoO; bat-
teries are shown in Fig. 3. In general, the combustion characters
of LIBs can be summarized into the four stages: ignition, fierce
ejection, combustion, weakening and extinguishment. After con-
tinuous heating, the LIB undergoes thermal runaway, and generates
a large amount of heat and gas. The leaked combustibles are ignited
at high temperature, and then there is a fierce ejection with molten
metal. After intense ejection, alarge flame is formed and then grad-
ually weakened until it is extinguished. It can be seen from the
pictures taken at typical moments that the burning behavior of the
two batteries is different. In the fierce ejection stage, the LiCoO;
battery which forms a bundie of sparks in multiple directions has
a significantly higher ejection power than the LiFePO4 battery. The
ejection of LiFePO4 battery is relatively weak, and there are more
combustion flames in the spray. In the subsequent combustion
stage, the LiFePO, battery has a bigger combustion flame height
and width than the LiCoQ; battery. These phenomena preliminar-
ily indicate that there are some differences in ejection combustion
behavior between the two kinds of batteries. [ts mechanism needs
to be analyzed, and itis also necessary to discuss how the environ-
mental pressure affects this difference.

Thermal runaway and fire process of LIBs are shown in Fig. 4.
LIBs consist of positive and negative electrode, separator and elec-

trotyte. When the heat generation rate of LIB is significantly higher
than the heat dissipation rate, thermal runaway is easily triggered.
A series of self-accelerating exothermic reactions including solid
electrolyte interphase (SEl} decomposition, electrolyte oxidative
decomposition, cathode and ancde decomposition, and their inter-
action reactions occur inside the LIBs. During the thermal runaway
process, the heat content of the battery continues to accumu-
late and the temperature is getting high quickly. Thereby, a large
amount of decomposed combustibles and gas products are gener-
ated inside the battery. These chemical reactions cause the internal
temperature of the battery to be very high and the internal pres-
sure to gradually increase. When the internal pressure builds up
too much, it exceeds the pressure relief valve structural stress and
external pressure, causing the pressure relief valve to crack. A large
amount of gas and combustibles are ejected out of the battery,
leading to fire and explosion.

When a cylindrical 18650 LIB is fabricated, it can be thought of
as a closed container containing electrolyte, electrodes, and so on.
There is an initial pressure inside the battery as a closed container.
Fig. 5 depicts a simplified diagram of the pressures during the relief
valve crack, which is determined by the competition between the
internal pressure and environmental pressure. So, the crack pres-
sure is defined as:

PCmck= pln “Pour (1}
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where Pc is the relief valve crack pressure, Py, refers to the pres-
sure inside the battery, which is a changing parameter during the
thermal runway. The accumulation of the gases, combustibles and
heat of thermal runaway reactions causes the internal pressure (P, )
to rise. Pp,, refers to outside pressure, here is the environmental
pressure. This value is a constant parameter at the same altitude,
which is 100.8 kpa in Hefei and 64.3 kPa in Lhasa. The force of the
internal generated gas to the relief valve is equal to the sum of the
force of the external environment and the force that the relief valve
can withstand. From the perspective of pressure, the crack of the
LIB is due to the continuous accumulation of internal pressure ()
which exceeds the sum of the environmental pressure (Pgy) and
the pressure relief valve cracks (Pgqa. ). In other words, the internal
pressure overcomes the environmental pressure and relief valve
structure.

On the other hand, Py, varies with the thermal runaway reaction
rate and the temperature rise,

Py ~dTv ()

where T is the battery temperature, and ¢ is the thermal runaway
reaction rate. Pg,, is the corresponding environmental pressure,
and Pgy, is 100.8 kPa in Hefei, and 64.3 kPa in Lhasa. The differen-
tial pressure is defined as the different relief valve crack pressure
between the LIBs at two environmental pressures.

dPerack= Prack-Helei—Pcrack-Lohasa= (Pin=Pout Jetei ={ Pin=Pout JLhasa

= Pout—thasa—Pout —pefej = 64.3kPa-100.8 kPa = ~36.5kPa  (3)

The difference in relief valve crack pressure has the effect on the
combustion behavior of LIB. As can be seen from the difference in
relief valve crack pressure, the pressure required for the LIB to crack
in Lhasa is 36,5 kPa less than that in Hefei. It can be concluded that
LIB will crack more easily and faster under low environmental pres-
sures. The early occurrence of the crack leads to the advancement
of the combustion behavior, Meanwhile, LIB requires a low thermai
runaway crack temperature at low environmental pressures under
the same heating conditions because of faster crack. It is necessary
to pay more attention to the problem of LIB thermal runaway and
cracking under the low environmental pressure, because it is easier
to achieve.

On the other hand, the influence of environmental pressure on
the combustion behavior of LIBs includes two aspects, one is the
impact on the battery crack pressure, time and temperature, and
the other is the effect on the combustion of ejected materials after
crack. The combustions of gases and most ejected combustibles
are significantly affected by the environmental pressure. Previous
studies clearly confirmed that the fire developed more slowly as
the environmental pressure decreases. Specifically, an empirical
formula of burning rates (fit") on environmental pressure (P) was
summarized for common fuels, such as n-heptane, propane and
cardboards, under low pressure.

'~ = 1.3) (4)

where a is an experimentally derived exponentiat power coeffi-
cient and has no physical meaning. The burning rate is proportional
to the 1.3 power of the environmental pressure, which means that
as the environmental pressure decreases, the burning rate slows.
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Fig. 6. Total mass loss data of LiFePO, and LiCo0O; battery.

For the lithium battery fire, a reduction in environmental pressure
means that the burning rate of the ejected gas and combustibles is
reduced.

The total mass loss(TML}datais shown in Fig. . The experimen
tai results are average values of three experiments, and the error
bars are the upper and lower limits of fluctuation. it can be seen that
the TML is obviously affected by the battery SOC. The battery with
higher SOC has a larger TML. The difference in lithium ion distri
bution and content leads to such experimental results, The LiFePO,
18650battery has the electrochemical reactionduring charging and
discharging (Wang et al.,, 2012):

LiFePO4 + BC « Lij_xFeO4 + LixCs (5)

Simlarly, the averall charging and discharging reaction equation
of LiCoQ; battery can be expressed as:

LiC00;46C « Li;.xCo0,+LixCs (6)

When a LIB is charged, lithium ions move from its cathode to
its anode. x in Egs. (5 and G) represents the degree of charge and
discharge, that is, the amount of lithium iens in the cathode and
anode. Therefore, under normal use of LiBs, lithium ions are in
an active and constantly migrating state. However, thermal run-
away results in the foermation of LiCoQ; (stable species) and Co;0y4
{another stable compound} with the subsequent release of oxygen.
This processis the decomposition reactions of the cathode and visu-
alized by the Eq.(7}. Subsequently Co;0,4 would decompose to CoQ
and release more oxygen at specific high temperatures { Macheil
and Dahn, 2001},

1-x 1-x

3 0704 + —— 0y |:7]

LixyCoQ, — xLiCoO; 4 3

C0304 — 3Co0 + %01 [8)

where x is the parameter related to SOC. The SOC directly affects
the number of x in Eq. {7), which results in a difference in the
amount of LiCoO;, Co;04 and oxygen formed. In the case where
the SOC is high, the value of x decreases, and the amount of oxygen
generated increases. In conclusion, during the process of thermal
runaway, the decomposition reactions of the cathode occur, and
the reaction degree is related to the SOC. For LiFePO, battery, the
thermal decomposition reaction of cathode materials is{Feng et al..
2018):

2LigFePO,4 — FeyP;:07 + %02 (9)

Table 2
Initial mass and mass loss data of 100% SOC LIBs.
Brand 50C Combustible  Cathode Location Mass loss
Hefei (100.8 kPa) 309%
SONTRNIUCE 0% i Lhasa (64.3kPa)  2B.1%
Hefei (100.8kPa}  435%
SAMSUNGIOOX  14.8% 40.8% Lhasa (64.3kPa) 206%

It is noted that oxygen is generated from the decomposition
reactions of the cathode. The electrolyte which is mainly con-
sisted of carbonate organic solvents such as ethylene carbonate
{EC). propylene carbonate {PC), dimethyl carbonate (DMC}, diethyl
carbonate { DEC), methy-ethyl carbonated (EMC), etc is more dan-
gerous with the presence of oxygen (Feng et al., 2018).

Electrelyte + O3 — €O, + Ha0 + Heat 1o

As shown in these equations, the LIB with higher SOC can accu
mulate more energy inside the battery and the higher energy value
converted into combustion. The LIBs with higher S0Cs are more
dangerous than the others. It can be scen from the mass loss per-
centage of the batteries in Fig. & that the mass loss of the larger SOC
battery is significantly higher. In the thermal runaway and combus-
tion process of LIBs, the mass loss mainly comes from two aspects,
one is from the combustion of combustibles, and the other is the
gas releasing caused by the decomposition of cathode materzals.
Table 2 shows the quantity of the cathode and combustibles and
the mass loss percentage. The data for the combustible and cathode
mass percentages is primarily obtained by measuring and calcu-
lating from the battery samples. Combustible materials mainly
include electrolyte, separator and polymer packaging. The mass
loss results in Table # do not distinguish well which part of the
mass loss is due to the combustion of combustibles and which
part is due to the decomposition of the cathode materials. How-
ever, some conclusions can be drawn from the comparison of the
percentage of cambustible and cathode mass and the mass loss per-
centages. LiCoO; battery has a lower percentage of combustibles
than LiFePOy4 battery, while its cathode materials account for a
higher percentage. The total mass loss percentages of LiFePO,4 bat-
tery are more than LiCoO; battery for 0% SOC and 50% SOC as
shown in Fig. 6, because LiFePO, battery has more combustibles
than LiCoQ; battery. LiBs are mainly burned with combustibles
under low SOCs. With the increase of SOC, the internal thermal
runaway reaction of the battery is more intense. It produces more
combustible gas and oxygen, and results in violent ejection or even
explosion, For LiFeQ, battery, the total mass loss percentage slightly
increase with the SOC. However, a very sharp growth is obtained
for 100% SOC LiCo0, battery. This results indicate that the 100% SOC
LiCoOQ; battery have much higher ejection power than the low SOC
ones and the LiFeO4 battery. The mass loss caused by the decompo-
sition of the cathode materials of 100% SOC LiCoO; battery is greater
than that of LiFePQ, battery. It can also be seen in Fig. 3 that the
ejection strength of 100% SOC LiCoQ, battery is much greater than
100% SOC LiFePO, battery. It is accompanied by non-combustible
substances and molten metal during violent ejection for 100% SQOC
LiCoQ; battery. It leads to the results that the total mass loss per
centage of LiFeQ, battery are less than LiCoO; battery at 100% SOC.
This result is important for us to better understanding the process
of gas generating and reliel valve cracking of LIBs with different
cathodes.

Assume an extreme case, that is, lithium ions are all transferred
from its cathode to its anode, [n this case, the amount of oxygen
that can be released is the highest. All CoO; is converted into CoO
and oxygen, and FePO, is all converted into Fe;P;0y and axygen,
which can be found from Eqs. { 7-9), According to Tables 1 and 2, it
can be estimated that the cathode quantity of the SONY battery is
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Fig. 7. Total heat release data of LIBs.

about 10.4 g, and the SAMSUNG battery is about 18.0 g. The mass of
FelPQ4 and CoQ; is approximately 9.9g and 16.7g. In the extreme
case where all of the FeP0Q4 and CoQ; generate oxygen, the amount
of oxygen generated is 0.52g and 2.94 g for LiFePO, and LiCoQ,
battery, respectively. On the other hand, this calculation tesult is
only a rough estimation process, and the actual amount of oxy-
gen generated during the thermal runaway of the lithium battery
needs further research. It can be concluded that the LiFePQy4 battery
releases less oxygen than the LiCoO; battery. This means that the
gas and internal pressure generated by the thermal runaway of the
LiFePOy4 battery is smalter than that of the LiCoO; battery.

At the same time, there are little difference between TMLs
of LiFeP0O4 and LiCoQ; batteries in Hefei {(100.8 kPa) and Lhasa
{64.3 kPa). Especially for 0% SOC and 50% SOC LiFePO,4 batteries, the
TMLs are almost the same. The TML of 100% SOC LiFePOy4 battery in
Hefeiis slightly higher than that in Lhasa, with an average difference
quantity of 1.1 g That is to say, for lithium iron phosphate batteries
under different environmental pressures, the amount of materials
ejected by the battery during the combustion is not greatly affected
by the pressure. The effect of environmental pressure on the mass
loss of lithium cobalt oxide battery is slightly larger. The average dif-
ference in mass loss of 100% SOC battery between the two pressures
is about 1.7 g.

The total heat release {THR) data of all test repetitions which is
calculated by integrating the HRR curve in the battery fire is shown
in Fig. 7. HRR is an important parameter in the combustion tests,
but the LIB fire do have errors. Although all batteries were heated as
evenly as possible, the thermal runaway and combustion process
of them which involves a lot of reactions maybe a little different.
Indeed, even with the same type, make and bundle configuration,
variabilities have been observed in the flammability characteris-
tics. There are also some errors in the experiment results because
of the potential of battery explosion. These subtle differences are
extremely complicated and this randomness determined the error
leading to the uncertainty in the reported HRR integrals. So, the THR
results in this paper were presented and discussed by average ones.
The calculated average THR values are the average of three repeated
experiments. Meanwhile, it can be seen that SOC has a significant
effect on THR, which is similar with the TML data. The average THR
values of LiFePO, batteries in Hefei (100.8 kPa)are 90kJ, 171 k], and
225k} for 0%, 50%, and 100% SOC, and those in Lhasa (64.3 kPa) were
70k}, 133 k). and 168 k|, respectively. The environmental pressure
has a very significant effect on the THR of lithium iron phosphate
battery. The battery with larger SOC is more obviously affected by
the environmental pressure, This conclusion is also consistent with

the results of TML. The THR results for LiCoO; batteries differ from
LiFePO, batteries. The difference is that the THR of the 100% SOC
LiCoQ; battery is less than that of 50% SOC battery. The main rea-
son foc this result is that the ejection behavior of the LiCoO; battery
at 100% SOC is more intense, and a large amount of combustibles
are not effectively combusted, thus causing a decrease in the heat
release rate. On the other hand, the effect of envirenmental pres-
sure on the LiCo0; battery is the same as that of the LiFePOy4 battery,
and the THR value of the battery at low pressure is smaller.

From the previous analysis, it can be concluded that the cath-
ode materials, SOC and environmental pressure have great effects
on the thermal failure and combustion behaviors of the LIBs, The
most affected data is the heat of combustion. It can be analyzed
from the unit growth rate which factor {environmental pressure
or SOC) has a greater impact on the burning heat of LIBs. it can be
seen from the heat of combustion data that the combustion heat
of the LiFePQ4 battery in Hefei ( 100.8 kPa) increases by 135.1k) on
average from 0% to 100% SOC, and it is 100.7 k] in Lhasa (64.3 kPa).
That is, for every 1% increase in SOC, the LiFePO, battery increases
the heat by 1.35 k] in Hefei and 1.01k] in Lhasa. The reduced pres-
sure from Hefei to Lhasa is 36.5 kPa, so reduced unit combustion
heats at low environmental pressure are 0.68, 1.32, and 1.63 k)fkPa
for 0%, 50%, and 100% SOC, respectively. The batteries at high envi-
ronmental pressure have a greater unit growth rate of combustion
heat for every 1% increase in SOC. At the same time, the burn heat
of batteries with higher SOC increase or decrease quicker when the
envirenmental pressure changes. For LiCoO; batteries, the effect
of SOC en combustion heat is discussed without considering 100%
SOC, and the average unit heatincrease is calculated from 0% to 50%
SOC. For every 1% increase in SOC, the LiCoQ; battery increases the
heat by 1.57 kf in Hefei and 0.62 k] in Lhasa. Then, the reduced com-
bustion heats of unit pressure are 0.58, 1.89, and 1.34 k}/kPa for 0%,
50%, and 100% SOC, respectively. The influence of environmental
pressure and 50C on the heat of combustion is basically the same
as that of LiFePQ4 battery.

At present, the classification and safety control of lithium bat-
tery fire hazards are still not perfect. The current consensus is that
it is necessary to reduce the SOC of the LIBs when storage and
transportation to ensure that it releases less combustion heat, and
protect the safety of life and property. However, there is no specific
quantitative grading of SOC and fire risk. Research on the fire haz-
ard and hierarchical control of LIBs is extremely scarce and cannot
meet the fire safety management requirements. Combined with
the results of experimental research, it is recommended to have
the classified discussion by detail the cathode materials, SOC and
environmental conditions of LIBs when analyzing the hazard of
thermal runaway and fire. For example, the fire risk of the ware-
house or plant that stores LIBs is safely classified according to the
basic conditions of SOC and environment. Formulate standards and
procedures for the comprehensive use of LIB cathode materials, SOC
and environmental pressure conditions.

4. Conclusion

In this study, an experimental study of LIBs thermal runaway
and fire behaviors at two environmental pressures was presented.
The detailed analysis of the burning processes, TML, and THR pro-
vides a comprehensive understanding of the complex fire hazard.

The SOC has effects on the TML and THR results of LIBs fire,
and the LIB with larger SOC has greater TML and THR. At the same
time, the environmental pressure has little impact on the mass Joss,
The maximum TML difference between two pressures is 1.1g for
100% SOC LiFePO,4 battery and 1.7 g for 100% S0C LiCoO; battery.
The environmental pressure has a significant impact on the com-
bustion heat. The THR values of LIBs at 100.8 kPa is significantly



256 M. Chen et ai. / Process Safety and Environmental Protection 130 {2019) 250-256

higher than that at 64.3 kPa. The unit growth rate in combustion
heat between the two pressures increases with the SOC. The batter-
ies at high environmental pressure also have a greater unit growth
rate of combustion heat for every 1% increase in SOC.

LiBs are in a low-pressure environment for a long time in air
transportation, so it is necessary and urgent to study the ther-
mal failure and combustion behaviors of LIBs in this environments.
The experimental results can provide a reference for the safety
issues of LIBs used in low environmental pressure. [t can pro-
vide data theoretical support for the safety research of air cargo
LIBs.
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TowN OF FARMINGTON PLANNING BOARD RESOLUTION
2022 MAJOR THOROUGHFARE OVERLAY DISTRICT (MTOD) AND

MAIN STREET OVERLAY DISTRICT (MSOD) SITE DESIGN GUIDELINES

ADOPTED MAY 18,2022 SeEs MRE GRovr PRouscer
FCGIo- 12001 SHT Py or 2
. ; Rev. 95 pATed 8-/-17
WHEREAS, the Town of Farmington Planning Board (hereinafier referred to as Planning Board),

in accordance with the provisions of Chapter 165, Section 100. D. (3) of the Farmington Town
Code, has reviewed the above reference Action at its meeting on Wednesday, May 18, 2022,

NOW, THEREFORE, BE IT RESOLVED that the Planning Board does hereby aggg thg.+
above referenced Site Design Guidelines for the calendar year 2022, as further pr0v1ded— r IB%
Local Law #6 of 2009 and as contained herein. =

M

1. Adoption by the Planning Board

N 9 mu

The creation of these Site Design Criteria is an_implementation action identified in the adopted
Town of Farmington Comprehensive Plan. The following site design guidelines have been este ab-—

lished by the Farmington Town Board as part of Chapter 165, Section 100, of the Farmmgon
Town Code and the powers provided to the Planning Board as set forth in Article 16, Sections 271
and 274-b, of the New York State Town Law. These guidelines shall remain in effect each year
subject to Planning Board review and adoption as part of their annual organizational meeting, or
at other times subject to formal Planning Board action. Certified copies of these Guidelines are on
file in the Town Development Office and may be purchased from the Town Clerk’s Office during
normal business hours. A copy of these MTOD and MSOD Site Design Guidelines is available for
viewing online at the Town’s website www._townoffarmingtonny.com.

33‘-” e

2. Authority

These guidelines are provided for in Local Law Number 6 of 2009, adopted by the Town Board
on December 22, 2009, and Local Law Number 6 of 2021, and as updated thereafter annually by
Planning Board resolution. When adopted by the Planning Board they establish standards for Site
Plan approvals as provided for under the established Major Thoroughfare Overlay District
(MTOD) and the Main Street Overlay District (MSOD) provisions of the Farmington Town Code.
These guidelines pertain to all applications subject first to Site Plan approval by the Planning Board
as provided for in Chapter 165 of the Town Code. The Planning Board reserves the right to modify,
waive or request additional requirements of any application depending upon the scope, location or
naturc of devclopment. It is hereby declared the Planning Board’s intent to be consistent in
applying the standards of these guidelines throughout the two overlay zoning districts cited where
site plan approval is required.

3. Overall Site Design Objectives

The purpose of these Site Design Guidelines is to communicate to applicants the expectations that
the Planning Board has for enhancing the appearance of development within the mapped MTOD

Page I of 25
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Major Thoroughfare Overlay District and MSOD Main Street Overlay District, in the Town of
Farmington, through its site plan approval process by:

a. fostering attractive building and site designs with enduring aesthetic appeal;

b. fostering attractive, inviting, pedestrian-friendly designs that are likely to evoke a
strong “sense of place;”

c. fostering designs that have continuity with the best design traditions and values of
the community;

d. fostering designs which are likely to evoke feelings of pride in one’s community;
DirRgcTLY ADJACENT To A 6H yiir RESIOENTIAL COHMV‘AHfY_?
e. fostering the preservation and enhancement of significant views and characteristics

of the natural landscape including topographic and water course features;

f. enhancing the use and pedestrian appeal of spaces around and between buildings
for the enjoyment of the public;

g promoting and enhancing the interconnection of on-site pedestrian walkways with
off-site pedestrian access ways;

h. encouraging opportunities to allow pedestrian accessibility to areas with strong
natural features such as wooded areas, wetlands and water courses, by the
attainment of public rights-of-access, and

1. promoting multi-modal travel between adjacent sites.

4. Relationship to Surrounding Neighborhoods and Land Use

The design of buildings and sites should be undertaken by design professionals who are sensitive
to the surrounding landscape, views and character of the community. Site and building designs are
expected to have cohesive, appealing stand-alone design qualitics as well as to have design scale
_and design continuity that allows them to complement and enhance the best design traditions of
the community. :

5. Architectural Design Characteristics

The Planning Board expects that building and site design professionals will be sensitive to the

5

AT AL () QCNLldl o g 0} ] 1L 10 o ) ssrdentls 13 CCRINEg d
under_thesc puidelines. In addition, the Planning Board expects that building and site d
professionals will be scnsitive to the site improvements which will also be attractive and approp:
ate to the character of adjacent sites.

1 (1011~ . all ADDIC ]

Page 2 of 25



Page 30f 25 Farmington 2022 MTOD and MSOD Site Design Guidelines May 18, 2022
Laocal Law #6 of 2009
6. Design Treatments. The Planning Board and its consultants will review the scale and

design character of proposed building and site designs, and require design treatments that
are appealing to, and in scale with, pedestrian neighborhoods whenever possible. Such
design treatments may include, but are not limited to, the following:

a.

Facades, roof forms and exterior walls. Fagades, roof lines and exterior walls
should have three dimensional variations to provide interest and variety. In large
buildings, suggested techniques include: organizing large building masses into a
series of smaller masses; providing offsets in exterior walls; providing an accent
form or forms, and providing a variation in roof lines or heights that are compatible
with the design theme. The areas and patterns of glazing used in facades should be
interesting and compatible with the three-dimensional design of the building.

Exterior walls above grade that are attached to buildings should appear to be
integral to the building, i.e., walls attached to brick building surfaces should be
brick. Other above grade screening walls, such as dumpster enclosures or trans-
former screen walls, should match materials and colors used in the building fagade.

Building entrances. Building entrances should be interesting, attractive, obvious, in
scale with the building fagade and have a weather cover that is a permanent com-
ponent of the building extending outward from and above the entrance and pro-
viding shelter from the elements. In no instance will a canvas canopy suffice for
adequate covering of a building entrance. In addition, depending upon the orien-
tation of the entrance on the site, additional design considerations shall be required
so as to adequately protect persons entering and exiting the building. Individual
tenants should have separate entrances.

Screening of equipment. Rooftop screening equipment shall appear to be integral
with the building design. That is, parapet walls or sloped roof forms integral to the
design of the building are preferred. Other equipment located at grade such as

compactors, dumpsters, HVAC equipment, electrical transfo
located on sitg shall be totally screened from public view in 3 manner approved by

the Planning Board, Screening materials and design should be attractive and
compatible with the building design and overall landscape design.

Color and material of primary building components. The Planning Board has a
preference for the use of brick and clear glass as primary fagade materials. Alter-
native materials may be chosen if they are more appropriate to adjacent residential
communities. Where other materials are being proposed, the Planning Board may
ask that brick be incorporated as a major component. The use of reflective glass,
split face concrete masonry units or metal siding is discouraged. Fagade material
colors should be selected to avoid being dreary and also to avoid being excessively
bold.
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Character of exterior space. Exterior space design is an integral component of good
site design. Special attention should be taken in the design and coordination of land-
scape treatments of exterior spaces around and between buildings to allow them to
be inviting and attractive to pedestrian users. Well-designed exterior spaces will
soften the impact of a building on a site and help it appear to belong there. There
should be an exterior design concept on each project and it should complement the
building design. Opportunities to embellish pedestrian gathering spaces with com-
patible landscape accessories are encouraged. Landscape planting, pedestrian pav-
ing treatments and landscape accessories will be requested between the parking lot
or driveway curb lines and primary building fagades. Larger areas of pedestrian
walkway pavements should be subdivided by aesthetically arranged control and
expansion joint patterns. The Planning Board encourages the use of colored unit
pavers for incorporation into the overall hardscape design layout to provide pattern
and color variation to other more standard paving materials and to accent the
location of landscape accessories such as tree grates, tree guards, planters, plant
beds, trash containers and bicycle stands. For additional information, see Section 9
of these Guidelines.

Building canopies and canopy lighting. The Planning Board may allow back lighted
canopies up to eight (8) feet wide and eight (8) feet in height over the entire main
entrance area to a building. Lighting fixtures, lamps or lenses may not project below
canopy soffits. Back lighting larger canopies is not recommended. The underside
of building canopy heights shall not exceed fourteen (14) feet above grade or
pedestrian/vehicular pavement surface below. Canopy colors, excluding signage
graphics, should not be bright attention-getting colors. In no event shall a canvas
awning be accepted as a suitable canopy covering for a building entrance under
these guidelines.

Gasoline pump canopies. Canopies covering gasoline pump islands, which are free-
standing or attached to buildings, should not be back lighted, except for any
approved signage or logo. Any lighting of the area undemneath the canopy that
covers the gasoline pump islands shall be down ward oriented and fully shielded to
reduce glare. Canopies covering gasoline pump islands should not exceed fourteen
(14) feet in height above grade or pavement surface below.

Prototype building designs. Prototype building designs will be considered if they
are consistent in design, material, color and detail with the design intent of these
Guidelines. The Planning Board reserves the right to require design alterations to
standard building designs that the Planning Board deems to be inconsistent with the
general intent of these Site Design Guidelines.
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Architectural (Building, Site and Landscape) Regulations

a.

All development within the MTOD Major Thoroughfare Overlay District and the
MSOD Main Street Overlay District that is subject to site plan review and approval
shall meet the requirements contained within this Section and those contained else-
where within Chapter 165, Section 100 of the Farmington Town Code. A separate
landscape plan shall be submitted and approved, approved with conditions or
denied as part of this review procedure.

The landscape plan shall be prepared by a licensed landscape architect.

An amended site plan shall not diminish the landscaping of the site below the re-
quirements in this section.

Landscape Standards and Criteria

a.

Required landscaped areas shall be designed as an integral part of the site develop-
ment and shall be dispersed throughout the site.

Landscaping shall provide screening for adjacent land uses in accordance with the
provisions within Section 9 below, with visual, noise and air quality factors consid-
ered.

Vegetation shall be compatible with soil conditions on the development site and the
regional climate.

Existing and natural features and vegetation shall be preserved and incorporated in
the landscaped area wherever possible.

The primary emphasis of the landscape treatment shall be on trees. Shrubbery,
hedges, grass and other vegetation may be used to complement the use of trees but
shall not be the sole contribution to the landscape treatment.

Plastic or other types of artificial plantings or vegetation shall not be permitted.

All large and small deciduous trees planted shall have a minimum caliper of two
and onc-half inches, mecasured six inches above the ground. All large deciduous
trees planted in multi-stem form shall have a minimum height of 12 fect above the
finished grade. All small deciduous trees planted in multi-stem form shall have a
minimum height of 10 fcet above the finished grade. All conifcrous trees planted
shall have a minimum height of five fect above the finished grade. All ormnamental
trces planted shall have a minimum caliper of onc and thrce-quarters inches
mcasured six inches above the ground. All ornamental trees planted in multi-stem
form shall have a minimum height of eight feet above the finished grade. All shrubs
planted shall have a minimum height of 24 inches above the ground except when
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being used as a ground cover. All evergreen shrubs used for screening shall have a
minimum height of 48 inches (4 feet) above the finished grade.

Required Landscaped Area Adjacent to Buildings

A landscaped area with a minimum average width of three feet shall be provided between
each and every side of the proposed principal use butlding and any off-street parking or
internal access road with the exception of building entrances/exits, drive-throughs and
covered pedestrian walkways. A minimum of 50 percent of this landscaped area shall be
planted with small trees, shrubs, perennials or combinations thereof. The balance of the
landscaped area not planted with trees, shrubs or perennials shall be lawn or groundcover
(see subsection {5] below).

Where the side or rear fagade of a principal building or accessory structure faces a public
ot private street/right-of-way, the entire area of the required yard (with the exception of
building entrances/exits and loading areas) between the street/right-of-way and the build-
ing shall be landscaped with a combination of evergreen and decitduous trees, shrubs and
perennial plants sufficient to mitigate the visual impact of the building on the adjacent
street/right-of-way as determined by the Planning Board or Director of Planning and De-
velopment, as applicable.

Interior Landscaped Area

a. Minimum interior landscaped areas shall be provided in accordance with the fol-
lowing table:

Minimum Interior Landscaped Area

Parking Area (Percent of Parking Area)
0-2,999 square feet 0%

3.000-7.500 squarc feet 5%*

7.501-43.560 square fect 5%

More than 43,500 squarc feet 10%

(onc acre

*For parking areas of 7,500 square feet or less, where the configuration of the site permits, yard
area at least five feet wide in excess of the minimum required yard in the district shall be credited
to the interior landscaped area requirement.

b. An interior landscaped island shall be provided for every 15 spaces. Each island

shall have a minimum width of eight feet inside the curb and a minimum length of
16 feet for a single row and 32 feet for a double row. Interior islands may be con-
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solidated or intervals may be expanded in order to preserve existing trees or facili-
tate snow plowing if approved by the Planning Board or the Director of Planning
and Development, as applicable.

& All rows of spaces shall terminate in a landscaped island. Each island shall conform
to the specifications described in (b) above. Terminal island intervals may be modi-
fied in order to preserve existing trees or facilitate snow plowing if approved by the
Planning Board or Planning Director, as applicable.

d. Divider medians may be substituted for landscaped islands described in (b) above.
Divider medians are landscaped areas located between rows of parking spaces,
between parking spaces and driveways or between areas of parking. Divider medi-
ans shall have a minimum width of six feet.

End of Parking Row Divider Median

. v ) L
16* Min. @ ‘ i ] } | @ [ ‘ T
' (single row) | _ i | |
32'Min. | .
{double r::w) j_ M _@_._;@F_ G @ Y 6 Min.
® || D

415 Spaces Maximum

T8 Min,

1]

A minimum of one large deciduous tree shall be provided for each landscaped
island that exceeds 128 square feet. One additional large deciduous shade tree shall
be provided within landscaped islands for each 100 square feet in excess of 128
square feet. The Planning Board or Planning Director may, permit the substitution
of smaller ornamental trees within landscaped islands. A minimum ot 2 small orna-
mental trees shall be provided for each landscaped island that exceeds 128 square
feet. One additional small ornamental trce shall be provided within landscaped
islands for cach 90 squarc fcet in excess of 128 squarc feet.

f. A minimum of onc large deciduous shade tree shall be planted for every 200 squarc
feet of landscaped arca within any divider median, planted individually or in groups
scparated by a maximum of 40 fect. The Planning Board or Planning Dircctor may,
permit the substitution of smaller ornamental trees within divider medians. A mini-
mum of onc small ornamental tree shall be provided for cvery 90 square fect of
landscaped arca within any divider median.

i When divider medians and mid row islands have a width of 10 feet or greater, ever-

green trees may be provided in addition to large deciduous trees. Evergreen trees
should be spaced a maximum of 10 feet on center.
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Parking Lot Pedestrian Medians required by the Planning Board shall have a
minimum dimension of 16 feet and contain a concrete walkway with a minimum
width of six feet. Planting areas with a minimum width of five feet shall be provided
on both sides of the walkway. At each point the walkway crosses a parking lot or
internal driveway, the watkway shall be clearly defined through a change in the
texture. color or height of the paving materials.

In addition to trees, all landscaped islands and divider medians shall be landscaped
with grass, groundcover, shrubs or other landscape material acceptable to the Plan-
ning Board or Director of Planning and Development.

All interior landscaped areas shall have a minimum planting soil depth of three feet
and be free from all forms of constructton debris and foreign material.

All islands and medians shall have six-inch-high concrete curbing as a minimum to
protect plant materials from damage.

The dimensions of all islands and medians shall be measured from the landscaped
side of the curb.

Internal Site Landscaping Requirements—Off-Street Parking. All site plans proposing
off-street parking areas to be approved by the Planning Board, located upon properties
within the mapped MTOD and MSOD zoning overlay districts, shall contain the following
minimum landscaping requirements,

a.

At least five percent (5%) of the off-street parking shall be devoted to internal land-
scaping.

The required internal landscaping shall be placed in appropriate planting areas
within the delineated parking areas.

Any landscaped island in which trees are planted shall be at least six (6) feet in
width,

All landscaped arcas shall be protected from vchicular damage by the use of
traditional curb, wheel stops. or other protective device approved by the Planning
Board, which shall be placed to prevent any vehicle from protruding into the land-
scaped or lawn arcas.

There shall be no more than 225 lincar feet of parking between landscape islands.
Landscapc Maintenance is required and shall be the responsibility of the property
owncr and or tenant(s), and all landscaping shall bec maintained in a healthy condi-

tion. Plants damaged by insects, disease, vehicular traffic, acts of God. or vandalism
shall be replaced within 30 days of being notified by the Code Enforcement Officer,
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unless such notification is given between November Ist and April Ist. If the
notification is given within this period, the material shall be replaced no later than
May 31st of the following calendar year.

12. Preservation of Existing Trees

Efforts shall be made to preserve trees in a manner set forth below in this section.

a.

d.

An existing tree can qualify for credit in accordance with subsection c. of this
section if it meets all the following criteria:

(1) The tree is healthy, free from disease, damage or active insect infestation
which is potentially lethal to the tree; and

(i)  The tree is not a variety that has weak or brittle wood, or one which has
excessive or noxious seed, pollen or fruit; and

(i)  The tree is expected to live for a minimum of ten (10) years; and
(iv)  The tree is not seriously deformed or contorted; and
(v) The tree is preserved in accordance with subsection b. below.

A root protection zone shall be established around any tree which is identified on
the landscape plan as a tree to be preserved. The root protection zone is identified
by creating a circle around the tree, the size of which is determined by providing
one foot of radius for every inch of diameter of the tree measured at breast height
(DBH). The root protection zone shall be marked in the field with a physical barrier
such as temporary fencing or other means which shall prevent construction activi-
ties from occurring within the tree root protection zone. Methods for preserving and
protecting existing trees shall be included as part of the landscape plan.

Existing trees preserved in accordance with this Section will be credited towards
the fulfillment of a portion of the requirements for tree planting contained in these
regulations in accordance with the following schedule:

Size of Existing Tree that is Preserved
Credits Toward Number

Deciduous Trees (DBH) Evergreen Trees (height) of Required New Trees
Less than 4 inches Less than 5 feet 0.5

4 in. or more but less than 6 in. 5 ft. or more but less than 10 ft. |

6 in. or morte but less than 12 in. 10 ft. or more but less than 15 ft. 2

12 in. or more 15 ft. or more 3

The diameter of a single-stem tree that has a crotch between two feet and four and
one-half feet above the ground shall be measured at the narrowest point between
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the ground and the crotch. The size of multi-stem trees shail be determined by add-
ing together the diameter of the three largest stems as measured four and one-half
feet above ground level.

13.  Buffers and Screening

a. The portion of the required front yard area which cannot be utilized for parking,
loading, stacking or driveways shall be suitably landscaped and maintained by the
owner in accordance with sub-section b. below.

b. Vehicle Use Areas (VUAs) located adjacent to a public street shall not be screened
from the street with tree and shrub plantings, earthen berms, walls or a combination
of these methods so as to establish an effective visual screen which is not less than
36 inches above the grade at the adjacent VUA within two years of installation. A
minimum of one large deciduous tree, two small deciduous/omamental trees or
three evergreen trees or any combination of shall be planted within the required
yard area for each 40 linear feet of lot frontage along a street.

c. Developments shall provide sufficient buffering and screening for the VUA.
Buffering and screening may consist of trees and shrubs existing on the site prior
to development. Supplemental plantings may be required in addition to the existing
vegetation as determined by the Planning Board or the Director of Planning and
Development in order to improve the screening of properties of the buffer.
Buffering and screening may also consist of tree and shrub plantings, earthen
berms, fences, walls or a combination of these methods so as to establish an effec-
tive visual screen. When fences or walls are utilized for screening, trees and other
plant material (shrubs, vines, ground covers, perennials) shall also be used.

d. All fences provided or required shall have an attractive, finished appearance facing
any public right-of-way or adjacent property.

e. Minimum impact of screening required. The following table and criteria shall be
used to determine the level of screening between adjoining land uses. Single Family
Residential Districts include RS-25, R-1-10, R-1-15, R-7.2, and R-2 Districts.
Multifamily Residential Districts includes the RMF and IZ Districts.
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Existing Adjacent Zoning

Proposed

Land Use SF Res MS Res RB NB/GB L1/GI

MF Res. High Medium High High High

Office High High Low*/ Low*/ Medium

Medium” Medium*

Commercial High High Medium Low*/ Low*/
Medium” Medium*

Industrial High High Medium Low*/ Low*/
Medium* Medium*

Key:  *=0-3 acres.  "=3+ acres (proposed use)

High impact screening required. When the proposed development is considered to
have a high impact on the existing zoning according to the table below, one of the
following methods for buffering and screening shall be provided between the VUA
and the nearest property line.

(@)

(ii)

Buffering and screening may consist of healthy trees and shrubs existing on
the site prior to development providing that they form an immediately ef-
fective visual screen at least 36 inches above the grade at the adjacent VUA
and that the existing trees and shrubs are thoroughly protect from damage
during construction by establishing a work limit line on all site plan draw-
ings. The work limit line shall be delin in th i i i

in the vicinity of the required yard area. Supplemental plantings may be
required in addition to the existing vegetation as determined by the Planning
Board in order to improve the screening properties of the buffer.

Buffering and screening may consist of an earthen berm, masonry/stone
wall or opaque wooden/vinyl fence with a minimum height of 36 inches
above the grade at the adjacent VUA and one medium impact landscape
screen evenly distributed within the required yard area.

Medium impact screening required. When the proposed development is considered
to have a modcrate impact upon the existing adjacent zoning onc of the following
mcthods for buffering and screening shall be provided between the VUA and the
nearcst property line.

()

Buffering and screening may consist of healthy trees and shrubs existing on
the site prior to development, providing that they form an immediately
effective visual screen at least 36 inches above the grade at the adjacent
VUA and that the existing trees and shrubs are thoroughly protected from
damage during site construction by establishing a work limit line on all site
plan drawings. The work limit line shall be delineated in the field prior to,

X
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site clearing in the vicinity of the required yard area. Supplemental plantings
may be required in addition to the existing vegetation as determined by the
Planning Board in order to improve the screening properties of the buffer.

Buffering and screening may consist of either: (1) one medium impact land-
scape screen evenly distributed throughout the required yard area; or (2) an
earthen berm, masonry/stone wall or opaque wooden/vinyl fence with a
minim height of 36 inches above the grade at the adjacent VUA and one
low impact landscape screen evenly distributed throughout the required
yard area (refer to Medium and Low Impact Screen Tables below).

Medium Impact Landscape Screen Options

Plant Type Sereen 1 Screen 2 Screen 3 Screen 4
Large Deciduous Trees  1/25 L.F. 1/40 L.F. 1/50 L.F. 1/50L.F
Small Deciduous/

Omamental Trees 0 0 1/60 L.F. 1/60 L.F
Evergreen (Coniferous) 0 1/40 L.F. 1/15L.F. 1120 L. F

Evergreen and
Deciduous Shrubs 1/5 L.F. 1/5 L.F. 0 1/15L.F

Screen One (1) shall be used only when yard area is less than 10 feet in width.

Trees and shrubs shall be provided based upon the number of linear feet per applicable site
or rear yard.

Fractions of trees or shrubs shall be rounded to the nearest whole number.

Low impact screening required. When the proposed development is considered to
have a low impact on the existing adjacent zoning one of the following methods for
buffering and screening shall be provided within the required minimum rear and
side yards for the VUA’s (for yard dimensions, refer to the Dimensional Standards
for each zoning district).

(M

X

(i)

Buffering and screening may consist of healthy trees and shrubs existing on
the site prior to development, providing that they form an immediately ef-
fective visual screen at least 36 inches above the grade at the adjacent VUA
and that the existing trees and shrubs are thoroughly protected from damage
during construction by establishing a work limit line on all site plan draw-
ings. The work limit linc shall be delincated in the ficld prior to sitc clearing
in_the vicinity of the required yard arca, Supplemental plantings may bc
required in addition to the existing vegetation as determined by the Planning
Board in order to improve the screening properties of the buffer.

Buffering and screening may consist of one low impact landscape screen
evenly distributed within the required yard are (refer to low impact screen
tabled below).
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Low Impact Landscape Screen Options

Plant Type Screen 1 Screen 2 Screen 3 Screen 4
Large Deciduous Trees  1/40 L.F. 1/60 L.F. 1/80 L.F. /75 LF

Small Deciduous/
Ornamental Trees 0 0 1/100 L.F. /75 L.F

Evergreen (Coniferous0
Trees 0 1/50 L.F. 1/25 L.F. 1/50 L.F

Evergreen and
Deciduous Trees 1/10 L.F. 1/10 L.F. 0 1/20 L.F

Trees and shrubs shall be provided based upon the number of linear feet per applicable site
or rear yard.

Fractions of trees or shrubs shall be rounded to the nearest whole number.

Screening adjacent to Residential Zoning requirements. When adjacent to
the following districts: RS-25, R-1-10, R-1-15, R-7.2, RMF_JZ, RB, NB,
GB, LI or GI and building or structure must provide the following landscape
buffering and screening within the required side and/or rear yard(s):

(a2) An earthen berm with a minimum height of three (3) feet (measured
at the top of a 1:3 +/- grade) or an opaque wood or vinyl fence, stone
or omamental concrete masonry unit wall with a minimum height of
4 feet and the following plant materials: a minimum of one ever-

green tree per each 10 linear feet of property line adjacent to one of .
the above listed residential districts, one small deciduous or orna-

mental tree per each 15 linear feet of property line adjacent to one
of the above listed residential districts and one large deciduous tree
per each 40 linear feet of property line adjacent to one of the above
listed residential districts.

Screening of Mechanical Equipment required. Non-single-family residential prop-
crtics which may be viewed from residential uscs, public strects or public park arcas
shall screen all roof, ground and wall mounted mechanical cquipment (utility
structurcs, multiple meter boards, generators, air conditioning units, backflow pre-
venter [RPZ], hot boxes, ctc.) from view at ground icvel of the property line.

(2)

(b)

All mechanical equipment shall be limited to that area shown on an ap-
proved site plan.

Roof-mounted mechanical equipment shall be screened or arranged so as to
not be visible from residential uses, public streets or park areas and be
shielded from view on all four sides. Screening shall consist of materials
consistent with the principal building matenals, and may include metal
screening or louvers which are painted to blend with the principal building.
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(c) Wall or ground-mounted equipment screening shall be constructed of:
(1) Planting screens; or

(ii) Brick, stone, reinforced concrete, vinyl stockade or other similar
material as approved by the Planning Board; or

(i)  Redwood, cedar, preservative pressure treated wood, or other simi-
lar materials; and

(iv)  All fence posts shall be rust-protected metal, concrete-based
masonry or concrete pillars, or an equivalent material as approved
by the Planning Board.

(d) Mechanical equipment shall not be mounted on the roof or located in the
front yard in a single-family residential district listed above herein.

Dumpsters and Other Refuse Containers. The following standards shall apply to dump-
sters and other refuse collections areas in the RMF, RB, NB, GB, LI and GI Districts.

a.

All dumpster areas shall be limited to that area shown on an approved site plan.
Such area dumpsters and other refuse containers may be located between the front
face of the building and the adjacent roadway only with the approval of the Plan-
ning Board.

Dumpster containers, other refuse containers, and all refuse shall be visually
screened on all sides from adjacent properties and private or public rights of way
with an opaque material, which may include shrubs, walls, fences or berms.
Materials and dumpsters stored in said area shall not protrude above the screen.

Where vegetative material is used, said material shall form an opaque screen within
two years from the time of first planting.

When dumpster enclosure gates are used to address (b) above, the gate shall consist
of materials that visually conceal 100 percent of the contents of the enclosure.
Gates shall remain in the closed position except when the dumpster is being loaded
or unloaded or when access to the interior of the enclosure is needed for mainten-
ance or other purposes.

The setbacks for dumpsters in nonresidential districts shall be five (5) feet from the

property line of adjacent nonresidential districts and ten (10) feet from the property
line of adjacent residential district.
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Parking Credits for Landscaping. The Planning Board may reduce the minimum number
of off-street parking spaces required in Chapter 165, Article V, Section 37 of the Farming-
ton Town Code, by not more than 25 percent, provided that the land area so removed 1s not
used to meet the landscape area required in this section and is used exclusively for land-
scaping in accordance with the standards and criteria of this section. If, at any time
thereafter, the Zoning Enforcement Officer (ZEQO) determines that the land areca so removed
is suitable for and is need to provide necessary off-street parking, the ZEQ may order the
installation of such parking. The issuance of any Certificate of Occupancy or Certificate of
Compliance by the Town Code Enforcement Officer shall be deemed conditional upon the
possible requirement for the future installation of the additional off-street parking, upon
such order by the applicable site plan approval authority. Failure to comply with such order
within the time fixed thereby shall constitute a violation of these regulations.

Existing Development Parking Area. Where an existing development, located within the
MTOD or MSOD, that proposes an increase in the Parking Area of 3,000 or more square
feet which requires site plan approval, the proposed site plan shall provide interior land-
scaped areas for the added Parking Area as required by the Planning Board. The proposed
site plan shall also provide buffering and screening for the added Parking Area consistent
with the standards contained herein.

Building and Site Lighting. Site and exterior building lighting should be similar in color
of light. The Planning Board preference is for LED lamped site lighting (as opposed metal
to halide or sodium vapor). Exterior building lighting should have a light color that is
compatible with the LED light color. Pedestrian walkway lighting should be appropriate in
style with the design character of the space and should not exceed fourteen (14) feet above
surrounding grade. Parking lot light poles should not exceed thirty (30) feet mounted on a
maximum three (3) foot base and should be located within landscaped islands or on lawn
area wherever possible. All building mounted exterior light fixtures must be shown on
building elevations and must be approved by the Planning Board for design location and
fixture color. All building mounted lighting and site lighting shgll be shielded from ad-
joining properties and public rights-of-way. Light cut-sheets and distribution patterns shall
be submitted with all lighting plans.

Subtle landscape lighting shall not glare into vehicular or pedestrian circulation areas.
Landscape lighting design components include, but are not limited to the following:

a. Exterior electrical outlets at building canopies and at tree bases that aliow building
managers to provide seasonal low wattage mini-lights is encouraged.

b. Subtle landscape lighting may include lighted bollards along walkways, surface-
mounted exterior lighting to highlight or backlight plant materials and subsurface
light fixtures that are recessed below finished grade. These should be located to
highlight plants and portions of building walls.

Page 15 of 25



Page 16 of 25 Farmington 2022 MTOD and MSOD Site Design Guidelines May 18, 2022

18.

19.

Local Law #6 of 2009

c. Building fagade lighting should be subtle in nature and could ideally be accom-
plished with upward directed landscape lighting that filters through, or backlights,
landscape plantings onto building walls.

d. The use of bright colors, neon or similar materials, motion lighting, strobe lights
and similar attention-getting lighting devices is strongly discouraged.

Site and Building Signage

Sign graphics and lighting should be designed to allow for clear communication but should
otherwise not be over lighted. Signs with exterior illumination shall not glare into vehicular
or pedestrian traffic areas. Internally illuminated signs should have the sign letters and
logos highlighted with dimmer background lighting of the sign. This concept applies to all
site and building signage, including traffic control signs. Sign site lighting should not glare
to either on-site or off-site locations. The wattage of sign lighting should be submitted for
Planning Board review as part of any Site Plan or Sign Site Plan application.

Larger signs that are allowed by Code which are attached directly to buildings should have
separate letters with no box or cabinet background.
Site Design Characteristics

The natural characteristics (e.g., tree masses, streams, topography, etc.) of each site should
be preserved and enhanced where possible.

The Planning Board encourages the incorporation of curved edges and surfaces where
possible as accents in the layout of pedestrian walkways, planting beds, finish grade con-
tours, ponds and drainage swales to achieve a more natural appearance. Drainage ponds
and swales with straight edges should be avoided wherever possible.

Finish grading plans should incorporate soft, irregular, undulating, landscaped earth forms
to cnhance pavement and plant locations and to provide an appcaling visual transition be-
tween parking arcas and both streets and neighboring parcels.

Site amenities such as pedestrian walkways and landscape accessories should be included
where space allows. This adds to the pedestrian friendly appeal of exterior spaces. See
Section 10 for additional information.

The following is a checklist of landscapc considerations and features that should be in-
corporated into the landscape designs for all site plans:

a. Preservation of natural character_Try to prescrve all of the best natural resources

of the site, such as trees, stream, rock out-cropping, natural topography, viewscapes
and wetlands.
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Viewscapes. Carefully study the site’s good, as well as bad. views. Analyze pre-
liminary site views for both positive and negative attributes.

)
2)

3)

_ Keep attractive views open and framed for greatest landscape value..

Screen out unattractive and objectionable views either by constructing
structures or by an aesthetically unique landscape design.

The landscape design should have unity, harmony and fitness to use. There
must be a harmonious landscape relationship with the vertical and hori-
zontal lines of the buildings.

Landscape lighting design standards. The Planning Board recommends the use of
landscape lighting to create soft night lighting of plants, where appropriate. Light-
ing designs should incorporate two or more of the following techniques based on
available opportunities.

)

2)

3)

4)

5)

6)

7

8)

Down Lighting is the most natural and efficient form of lighting like sun-
light or moonlight. The light sources are hidden and directed straight down
through plant and tree material.

Up Lighting is achieved by placing the light fixture in the ground and di-
recting it up through plant material. The internal structure of plants becomes
dramatically lighted and large shadows can be produced.

Back Lighting is the soft wash lighting of a background such as a wall or a
fence and is a very subtle form of lighting. The plant material is viewed in
silhouette against the lighted backdrop.

Subminiature lamps on a flexible ribbon or tubular lighting may be ap-
propriate for seasonal displays indoors or out.

Electrical outlets should be located at the base of designated trees and plants
to allow the future use of seasonal lighting.

Bollards are available with internal illumination. The use of lighted bollards
1s optimal.

Flood Lighting on a residential or commercial level is soft, gentle flood
lighting used as background lighting to create visual depth. Avoid using
discharge mercury and sodium-vapor lighting used as seccurity lighting.
Thesc lights should not causc glarc.

Recreational Lighting for small court games (i.¢., shuffle Planning Board,
or putting greens, etc.) requires special study and selection. The light must
be even and general, yet not in the eyes of the players. Large court games,
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(i.e., volleyball, badminton, or tennis) may require specialized lighting de-
sign. These lights should not glare off site.

9) Landscape Lighting should be used as a feature of the landscape design to
highlight designated design elements such as plants, walkways, walls,
building fagades or a combination thereof.

10) A combination of various lighting techniques such as down lighting, up
lighting or back lighting to create a more interesting setting is suggested.

11)  The source of light should be concealed to enhance the effect rather than the
fixture itself.

12)  Avoid over lighting that can produce glare and limit visibility.
13)  Use LED lamps as a type of light source to avoid mixing light color on site.

14)  Fixture colors should be coordinated with building colors. Typical colors
available are solid brass, copper or bronze in color; black, white, natural
non-corrosive plastic; redwood {clear, all heart, kiln dried); cast aluminum
or satin aluminum and glass in combination with flexible ribbon lighting.

Landscape plant forms. Plants should be selected to be natural looking and graceful.
Plants should be chosen to be as mature as possible to attain their desired shapes
in relatively short periods of time. Each shape has its own place in landscape design.
For example, deciduous shrubs are usually upright, round or spreading. Deciduous
trees are round, weeping, oval, vaselike, erect or columnar, and pyramidal. Ever-
greens are columnar, narrow pyramidal, broad pyramidal, round, spreading or
creeping. Different shapes provide variety and interest by accenting the major type
with other forms. This is recommended to avoid monotonous repetition.

Plant texture and color. Color and texture are important qualities that should be
considered along with the form of plants. The Planning Board expects that land-
scape architects will take special efforts to include the right balance of plant textures
in the overall plant selection process. Texture is a plant feature that offers another
chance to add variety and interest to a planting picture. Texture can be defined as
the relation between foliage and twig size and the remainder of the plant. Close up,
texture comes from the size, surface, and spacing of leaves and twigs at different
seasons. At a distance, texture is the entire mass effect of plants and the quality of
light and shadow. Patterns created by light and shade are an important part of
texture. These patterns vary from scason to season and even from hour to hour. The
shadows cast by fine-textured plants are weak because of the spacing and size of
the mass and because of light filtering through the foliage. The shadows cast by
coarse-textured plants are strong because the foliage is large or dense and light is
reflected from the surface. This play of light and shadows emphasizes the fineness
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or coarseness of the texture of the plants. Landscape lighting is expected to high-
light these features.

The Planning Board expects that the color of plants will be taken into account by
the landscape architect to achieve the best overall design results.

The variety and location of landscaping should be appropriate for the environmental
conditions, use, purpose and care that it will be subject to.

Plant material and minimum sizes. The following is a hist of recommended plant-
ings:

1) Evergreens (conifers and ornamentals)
Abies (fir)
Chamaecyparis (cypress)
Erica (health)
Juniperus (juniper)
Picea (spruce)
Pinus (pine)
Pseudotsuga (fir)
Taxus (yew)
Tsuga (hemlock)

2) Broadleaf Evergreens
Buxus (boxwood)
Calluna (heather)
Euonymus (euonymus ever)
Ilex (holly)
Pieris (andromeda)
Rhododendron (rhododendrun)
Rhododendrun (azalea)

3) Deciduous Trees (shade and ornamental flowering)
Acer (maple)
Amelanchier (shadbush-service berry)
Betula (birch)
Carpinus (hornbeam)
Cercis (redbud)
Cornus (dogwood)
Crataegus (hawthorn)
Fagus (beech)
Gleditisia (locust)
Magnolia (magnolia)
Malus (flowering crabapple)
Prunus (flowering—cherry)
Pyrus (flowering pear)
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Tilis (linden)
Syringa (tree lilac)

4, Deciduous Shrubs
Aronia (choke cherry)
Clethra (summersweet)
Cornus (dogwood)
Cotoneaster (contoneaster)
Deutzia (deutzia)
Forsythia (forshythia)
Hamamelis (witch hazel)
Ilex (holly)
Philadelhpus (mock organe)
Spiraea (spirea)
Syringa (lilac)
Viburnum (viburnum)
Weigela (weigela)

5. Herbaceous Perennials including
Daylilies, Hostas, Sedum and Fern

6. Ormamental Grass, Sedges, Reeds
Calamagrostis (feather reed grass)
Festuca (dwarf clumping grass)
Miscanthus (large clumping grass)
Panicum (switch grass)
Pennisetum (fountain grass)

7. Ground Covers
Ajuga (Bugleweed)
Euonymus (wintercreeper)
Hedera (English ivy, Baltic ivy)
Lonicera (halls honeysuckle)
Pachysandra (pachysandra)
Vinca (myrtle)

The following is a list of minimum sizes for the recommended Plant groups at the
time of planting:

Evergreen (conifer) 6' to 8'

Evergreen {ormamental) 24" to 48"

Broadleaf Evergreens 24" to 48"

Deciduous trees (shade) 3" caliper

Deciduous trees (ornamental flowering) 2" to 2'4" caliper
Deciduous Schrubs 18" to 48" or 2-3 gal.

Herbaceous Perennials 1-3 gal,
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Omamental Grass 1-3 gal.
Ground Cover 2 year 2'4" pot

All landscape plant material must meet the American Standard for Nursery Stock
quality. All plant material must be No. 1 or heavy specimen quality grade.

All landscaping shall be installed and maintained to ensure growth. All landscaping
materials shall be maintained free from disease, pests, weeds, and litter. The regular
maintenance shall also include prompt replacement, where necessary, of any land-
scaping plantings that die, turn brown or defoliate. The replacement plantings shall
be of the same size, species and quantity as shown on the approved plans. Substi-
tutions shall be approved by the Town Planning Department and so noted on the
approved drawings. A two-year maintenance bond or cash equivalent may be re-
quired to be posted with the Town if determined by the Code Enforcement Officer
(CEOQ) to be appropriate.

The following trees/shrubs are considered undesirable in most applications. These
plants have a tendency to become over-dominant, also are soft or brittle and tend to
break during high winds or heavy snows.

Acer Box Elder, Amur Maple, Silver Maple

Ailanthus Tree of Heaven

Populus White Poplar, Carolina Poplar, Lombardy Poplar
Salix All willows

Prunus Purple Leaf Plus

Elaeagnus Russian Olive, Autumn Olive

Juniperus Andorra Juniper, Hetzi Juniper

Thuya All Arbor Vitaes

Juglans All nut trees

Any changes to the approved landscape design, including variety and size of plants,
must be made in writing to the Town CEO for change approval.

Applicant Submissions

Both conceptual site and conceptual building designs should be incorporated into
the applicant’s plans, beginning with the applicant’s concept, or sketch plan,
reviews submission. Subsequent submissions should include sufficient drawings,
photos and text to clearly and thoroughly communicate the complete design intent
of the project, to the satisfaction of the Planning Board. The applicant is encouraged
to have a pre-planning submission conference with the CEO, the Director of
Planning and Development and the landscape consultant. Submission information
to the Planning Board shall include, but not be limited to the following:
Conceptual/sketch Plan:
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All drawings should have a scale that is indicated on the drawing, along
with the direction of north and each sheet should be numbered and dated.

The design character of the building(s) should be shown on the plan along
with a three-dimensional concept sketch indicating anticipated size, shapes,

materials and relationship to the site.

Generic landscape ideas and exterior space concepts should be included.

Preliminary Plan:

a.

Provide building plans and elevation drawings to scale that are numbered
and dated. Provide a first-floor plan.

All building elevations must be in color. All colors shown shall be the colors
of the building to be constructed and identified by an objective manner,
paint identification number or nomenclature, or similar material.

Three-dimensional representations of primary building fagades should be
included that include roof forms, method of screening visible building
equipment, trash and loading areas. These drawings shall indicate color and
material representations.

The Planning Board may request: a site profile incorporating a key building
profile; an additional three-dimensional rendition or electronic 3-D walk-
through; or even a mass model, if necessary to fully understand the three
dimensional characteristics of proposed buildings.

Final Plan:

Provide final design drawings that include final design refinements that in-
corporate Planning Board comments from prior submissions. Provide
colored clevations of all building elevations, screening, light fixtures, roof
penetrations, HVAC grilles, building-mounted lights, signs and canopies.
Clearly identify all materials and colors, including exterior soffit materials.

Provide colored exterior elevations of all sides of building and provide
three-dimensional renditions, if requested by the Planning Board. Provide a
first-floor plan and a roof plan. Provide elevations of exterior screen walls.

Provide a “hardscape” plan at least 1/8"—1' 0" in scale indicating: pedestrian
paving materials; surface patterns; control and expansion joint locations;
key dimensions and location of landscape accessories; and all site acces-
sorics. This plan shall include all dimensioning necessary for accurate
layout of all paving including control and expansion joint locations.
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Final grading plans and landscape planting plans shall be prepared and
sealed by a Licensed Landscape Architect,

Provide a written list of all exterior building materials with samples of each
material. A sample of glass will be required if anything other than clear
glass 1s being proposed.

Provide catalog cuts with color selections of site lighting fixtures and land-
scape accessories including: fencing, tables, benches, trash containers, tree
grates, tree guards, pedestrian walkway light fixtures, landscape lighting
fixtures, bollards, fountains, clocks and bicycle racks, etc. Provide material
and color samples of unit paving materials. Lighting fixture submittals shall
indicate type of lamp and wattage per fixture.

Provide a signage package including drawings to scale of all site signage,
including building-mounted signs, site signage including vehicular traffic
control signs. This material shall ciearly indicate the graphic layout, dimen-
sions, colors, type of illumination, lamp wattage.

Provide finished grading plans and landscape plans. Finish grading and
landscape plans shall be prepared and sealed by a NYS licensed landscape

.architect, Final landscape drawings shall include a plant schedule that

clearly keys each plant type to the site. This schedule shall include the Latin
name, common name, plant group, height, bali size, quantity and caliper
required. See landscape section for additional requirements.

Terminology

For the purposes of these Guidelines, the following shall serve to clarify the
meaning of special terminology included in this text:

a.

Earth Forms: This term describes the three-dimensional character of subtle
earth mounds or depressions which may be used to aesthetically enhance
the locations of site plan features such as pedestrian walkways, pedestrian
gathering areas, paved parking areas, locations of featured plant groupings,
signage or landscape elements, among other things. Irregular earth forms
are preferred. This term refers to visually soft, curvilinear earth shapes that
undulate in both the vertical and horizontal planes. Earth forms where pos-
sible, should be interconnected into groups, the tops of which might vary
from 12 inches to 30 inches and in special cases, higher or lower. The slope
of grades used in defining earth forms could be gradual enough to allow for
the mowing of sloped surfaces.

Hardscape: This term describes that portion of a finished landscape design
which includes, but is not limited to, the dimensional layout of pedestrian
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paving materials and patterns; the location of paving score lines and expan-
sion joints; the location of landscape accessories including but not limited
to bicycle racks, tables, benches, trash containers, tree grates, tree guards,
bollards, trellises, gazebos and decorative walkway lighting; and the loca-
tion of raised planters, curbed plant beds and decorative fountains. Hard-
scape elements are any of the above listed landscape accessories that are
used to enhance the overall landscape design.

Pedestrian Friendly: This term describes the positive aesthetic character of
exterior space design that is likely to be inviting, interesting and enjoyable
to pedestrians. Design components that impact on the pedestrian friendly
and pedestrian scale of spaces include: pedestrian paving materials and their
colors, textures and patterns; plant material including seasonal variety and
color; subtle earth forming; size and character of pedestrian signage; use of
park-like landscape accessories such as plant beds, benches, tree grates, tree
guards, bollards and decorative lighting, to mention a few. It is important to
note that pedestrian scale spaces can and should be inviting to passing
motorists as well.

Sense of Place. This term describes the ambiance of exterior spaces that are
designed to have a personality that is inviting and attractive to pedestrians.
Such spaces are best located between parking areas and building entrance
fagades, between buildings or between building wings.

BE IT FURTHER RESOLVED that the Planning Board does hereby adopt the above regulations
as the official Site Design Guidelines for applications located within the mapped MTOD and
MSOD zoning overlay districts, for the calendar year 2022.

BE IT FINALLY RESOLVED that a certified copy of these Guidelines is to be filed with the
Town Clerk’s Office, posted on the Town’s website and distributed to members of the Planning
Board, Town Development Staff, Town Engineer and made available to the general public upon

request.

B The above resolution was offered by MR. BELLIS and seconded by MR. DELUCIA at a
meeting of the Town of Farmington Planning Board held on May 18, 2021. Following discussion
thereon, the following vote was taken and recorded in the Official Minutes of the Planning Board.

Adrian Bellis
Timothy DeLucia
Edward Hemminger
Aaron Sweeney
Douglas Viets

Motion carried.

Ayc
Ayc
Ayc
Ayc
Excused
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I, John M. Robortella, Clerk of the Planning Board, do hereby attest to the accuracy of the above
resolution and to it being acted upon by the Planning Board at a meeting held on May 18, 2022.

L.S.

John M. Robortella
Clerk of the Town of Farmington Planning Board
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No application for site plan approval for a large-scale ground-mounted solar photovoltaic (PV) system
shall be deemed to be complete by the Planning Board until the following conditions are met:

A. Setbacks to nonresidential districts. Large-scale ground-mounted solar PV systems are subject to
the minimum yard and setback requirements for the nonresidential zoning district (e.g., RB, NB,
GB, LI and GI Districts) in which the system is located. No part of a large-scale ground-mounted
solar PV system shall extend into the required yards and/or setbacks due to a tracking system or

short-term or seasonai adjustment in the location, position or orientation of solar PV related
equipment ar parts.

B. Setback to residential districts. The location of large-scale ground-mounted solar PV collectors shall
meet the setbacks specified below herein but shall not be less than 40 feet from any public highway
rlght-of—wayr and!or utility easement; and said natura! vegetation _(_e g Iandscaplng} buffer shall be
between the solar system site_and ad|acent resrdentlal groper_ly{nes} The setbacks establlshed
herein are intended to provide space for planting a visual buffer of natural vegetation to be created
between the large-scale ground-mounted PV solar site's security fence surrounding such a PV
solar system and adjacent property lines where residential dwellings either exist or are permitted to
exist. Plantings within this area are to be, at the time of installation, at a height to provide, as much
as practicable, a 1a| scre g : g sle =
residential properties. The speCIes type Iocatlon and planned he:ght of such natural vegetatlon
(landscaping) shall be subject to further approval by the Planning Board as part of the required site
plan approval application. Such heights may be further subject to changing topography on the
ground-mounted PV solar site from that of adjacent properties.

C. Large-scale ground-mounted solar PV systems located in a zoning district where residential
dwellings are permitted. Such solar PV systems shall be set back an additional 120 feet from the
minimum yard setback along all property lines that abut a iot or parcel of land located in the zoning
district(s) permitting residential dwellings, unless said property contains soils classified as "prime"
or "unique" (Soils Groups 1 through 4) and the land is being actively farmed or used for livestock. In
this instance, the minimum setback shall be 40 feet from the property line. This additional setback
dimension shall also apply to the front yard portion of the lot or parcel of land located on the
opposite side of the street which is also located in a zoning district allowing residential dwellings.

D. Large-scale ground-mounted solar PV systems located in restricted business, commercial or

A’DO/ﬁaNﬁ:— industrial districts. Such solar PV systems shall be set back an additional 110 feet from the

/10°

minimum yard setback along all property lines that abut a lot located in the A-80, RR-80 and other
zoning districts permitting residential dwellings, or an IZ incentive Zoning District, This additional
setback dimension shall also apply to the front yard setback when the lot on the opposite side of
the street is in a residential or an incentive zone district.
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E. Large-scale ground-mounted solar PV systems jocated upon strategic farmland. Large-scale

ground-mounted solar PV systems that are to be developed upon land identified on the Town of
Farmington Active Farmland — Strategic Farmland Map, Map Number 8, of the adopted Town of
Fammington Farmland Protection Plan shall be allowed on soils classified as Class 1 through 4, as
documented upon the Soil Group Worksheets prepared by the Ontario County Soil and Water
Conservation District and used by the Town of Farmington Assessor in calculation of the agricultural
use exemption values, a part of the New York State Department of Agriculture and Markets
Agricultural District Law, once it can be determined, by the Planning Board, that there is no feasible
alternative location on the lot/parcel at issue to place the proposed solar system. Where there is no
feasible alternative location on the lot/parcel at issue, then the solar system applicant shall provide
an agricultural conservation easement (ACE) on another lot/parcel of land, containing Class 1
through 4 soils, which is shown on the above-referenced Map Number 8, and said acreage is to be
in the total amount of acreage equal to the acreage of Class 1 through 4 soils that are proposed to
be used as part of a proposed large-scale ground-mounted solar PV system. Said ACE shall be
placed only upon land having Class 1 through 4 soils and fronting along a public highway and shall
not be in some remote interior portion of a lot/parcel. Said ACE shall remain in effect for the same
period associated with the time limit specified in the special use permit that is granted for a
proposed large-scale ground-mounted solar PV system. Said ACE may be terminated once the
subject solar PV system has been decommissioned, or upon a determination by the Town Board
that said solar system is no longer operating under the terms of the original submission.

The following standards are to be implemented by the Planning Board as part of site plan approval
for any large-scale ground-mounted solar PV system:

(1) Where large-scale ground-mounted solar PV systems are to be located on Class 1 through 4
soils, then the following shall apply to the construction, follow-up monitoring of a solar PV
system during its useful life and restoration of these portions of the site in accordance with the
latest Guidelines for Agricuitural Mitigation for Solar Energy Projects promuigated by the New
York State Department of Agriculture and Markets; and

(2) Requirement for an environmental monitor (EM). Depending upon the total acreage of the
large-scale ground-mounted solar PV system, any system occupying 10 or more acres in total
shall have an environmentai monitor (EM) retained by the solar PV system operator(s) to
oversee the construction, follow-up monitoring of the solar PV system, decommissioning of the
system and restoration of the agricultural field(s) to their original state, to the extent practical.
The EM is to be on site whenever construction, decommissioning or restoration work is
occurring on the Class 1 through 4 soils; and his/her work is to be coordinated with staff at the
Ontario County Soil and Water Conservation District, the New York State Department of
Agriculture and Markets, and the Town Code Enforcement Officer and other Town officials.
Sald work is to be based upon a schedule for inspections during each of the above-referenced
phases to assure the soils are being protected to the greatest extent possible.

(3) Solar PV system(s) located upon more than one lot. In the event a large-scale ground-mounted
solar PV system is to be located upon more than one lot/parcel, then the total acreage involved
as part of such system is to be based upon the overall acreage of the system and not its
individual pieces of land.

(4) Requirement for an EM on more than one lot. Where a large-scale ground-mounted solar PV
system Is iocated upon more than one lot/parcei, then each lot/parcel may have its own EM.
Where there is more than one EM associated with a large-scale ground-mounted solar PV
system, then it shall be the responsibility of the system's operator to coordinate the duties and
responsibilities of each EM with the state, county and Town officials referenced above in § 165-
84.3.4F(2).

(5) Security fence. Each large-scale ground-mounted solar PV system site is to be compietely
enclosed by a security fence having a minimum number of gates and a height not to exceed
eight feet above existing ground elevation. Said security fence shall also display the project's
contact information sign and safety warning signs to be spaced around the perimeter of the
site. Any security fence enclosure shall not unnecessarily interfere with or impede watering



(6)

7

(8)

(9)

systems associated with rotational grazing systems of an established agricultural gperation. In
addition, such security enclosure shall not create an excessive and unnecessary reduction in
the amount of acreage remaining for farmland operations. Design details for the proposed
fence are to be shown on the site plan drawings; and photographs showing the perimeter of
the installed fence are to be filed in the Town Development Office. Public information signs and
warning signs shall be provided on a security fence as further regulated in § 165-84.3.41 below.
The site plan drawings shall identify the locations, size and number(s) of such signage.

Visual simulation site photos. Eve ] :
solar PV system on the site shall mclude photo snmulatuons of the grogosed Iarge—scale
ground-mounted solar PV system with the site plan drawings.

visual simulation landscaping photos. Every application for a proposed large-scale ground-
mounted solar PV_system shall include a visual simulation of the proposed landscaping
plantings, both at the time of installation and as expected to appear in year five of the system's
operation. The landscaping area is to be shown surrounding the outside of the security fence
for the proposed solar PV system and is to be included with the preliminary site plan drawings
and shall be presented to the public early in the site plan application process. A detailed
landscaping design and planting schedule are to be provided as part of any site plan
application.

Structures for overhead collection lings, Structures for overhead collection lines for a large-
scale ground-mounted solar PV system are to be located upon the nonactive agricultural
portions of the site and along field edges wherever possible.

Access roads. There are hereby established three classes of access roads to be used for any
large-scale ground-mounted solar project. They include the following: a) solar system site
access road, which is the main point of access to the site extending from the pavement edge of
the adjacent public highway. The solar system site access road is {0 be designed to the Town's
industrial road specification and to have a minimum width of 24 feet and shall be paved for 100
feet from the edge of the travel lane of the adjacent public street; b) solar system's PV panel(s)
access road(s), which are the access roads within the site that provide access to the solar
panels for maintenance purposes. These are "hard surface" access roads and are to be
located along the edge of agricultural fields and designed to meet the Town of Farmington's
private drive specifications; c) solar system subsurface stabilized maintenance access roads,
which involve the space between the solar panels and the perimeter of the solar site's security
fence. This area is to be designed to meet the Town's subsurface stabilized maintenance
access road specifications. These areas are mainly for emergency access purposes. 1o the
extent practical, the solar system's PV panel(s) access roads and the solar system subsurface
stabilized maintenance access roads are to be in areas next to hedgerows and on the
nonagricultural portions of the solar PV system site.

(10) Access gates. There shall be a minimum of one access gate sized to accommodate

maintenance equipment and/or emergency response equipment of local public safety
agencies. Depending upon the length of each side of each of the sides of the security fence,
the Town Fire Marshal shall have the authority to require more than one access gate to be
provided for vehicles to and from the solar system’s PV panel(s) where it is deemed to be in
the interests of promoting public safety of first responders.

(11) Emergency personnel exit gates. One emergency personnel exit gate is to be provided along

the security fence perimeter on ail sides of the site to facilitate emergency egress from the
enclosed area by system operators and first responders involved with extinguishing a solar
panel fire or brush fire within the interior portion of a large-scale ground-mounted solar PV
system site. Depending upon the length of each side of the security fence, the Town Fire
Marshal shall have the authority to require more than one emergency access gate to be
provided around the perimeter of the site where it is deemed to be in the interests of promoting
public safety of first responders.



(12) Access road widths. The width of the large-scale ground-mounted solar system's PV panels
access road is to be no wider than 20 feet to minimize the loss of agricultural lands and comply
with the design standards of the State of New York Fire Access Code. The width of the solar
system access road shall have a minimum width of 24 feet and shall be paved.

(13) Prohibition on cut and fill. There shall be no cut and fill of a large-scale ground-mounted solar
PV system site for creating on-site access roads which would create on-site drainage
problems. Any on-site access road, which is proposed to cross agricultural fields is instead to
be located along ridge tops and follow existing field contours to the greatest extent possible.
The locations of all on-site access roads are to be shown on the site plan drawings.

(14) Site drainage. All existing site drainage is to be maintained to the greatest extent practical. Any
drainage structure(s) and/or erosion control measure(s) to be installed, such as diversions,
ditches, and field drainage tile lines, shall take appropriate measures to maintain natural
drainage flows and the effectiveness of such structures. Any existing drainage structure that is
disturbed or damaged during site construction is to be repaired and the drainage structure is to
be retumed, as close as possible, to the original condition, unless such structures are to be
eliminated based upon the site plan for the large-scale ground-mounted solar PV system.

(15) Access road profile. The profile of a large-scale ground-mounted solar PV system access road
that is to be constructed through agricultural fields is to be level with the adjacent field surface
wherever possible. The design for this site improvement is to be shown on the site plan
drawings. Hp access road shall be permitted that alters existing drainage pattems on the site.

(16) Maintaining natural drainage patterns. Culverts and water bars are to be installed so as to
maintain natural drainage pattems within the large-scale ground-mounted solar PV system
area. The design for these site components is to be shown on the site plan drawings.

(17) Topsoil stripping and storage. All topsoil areas stripped for vehicle and equipment traffic, on-
site parking and equipment laydown and storage areas are to remain on the site during the
useful life of the large-scale ground-mounted solar PV system. The designated area(s) on the
site to be used for topsoil stockpiling are to be shown on the site plan drawings. All topsoil
stockpiles are to be stabilized and seeded in accordance with the Town's MS 4 Program
reguirements.

(18) Site excavation storage. All excavated materials (e.g., rock and/or subsoil) from on-site work
areas (e.g., on-site parking area(s), electric cable trenches and site laydown areas, etc.) are to
be stockpiled on site and separate from other excavated materials (e.g., topsoil). The design
for these site components is to be shown on the site plan drawings.

(18) Maximum temporary workspace area width. A maximum width of 50 feet for any temporary
workspace is to be provided along any open-cut electric cable trench for property topsoil
segregation. All topsoil will be stockpiled immediately adjacent to the workspace area where
stripped and shall be used for restoration on that portion of the solar PV system site as soon as
practical after the installation of the electric cable.

(20) Electric interconnect cables and transmission lines. Electric interconnect cables and
transmission lines are to be buried in agricultural fields wherever practical. All such buried lines
are to be shown on the site ptan drawings and the record drawings for said large-scale ground-
mounted solar PV system.

(21) Electric _interconnect cables and transmission lings. Electric interconnect cables and
transmission lines that must be installed above ground shail be located outside agricultural
field boundaries. When aboveground cables and transmission lines must cross agricultural
fields, then taller support structures are to be used providing longer spanning distances and all
such structures are to be located on the edges of the agricultural fields, to the greatest extent
practical. Details for all such structures are to be shown on the site plan drawings.

(22) Buried electric cables and transmission lines. All buried electric cables and transmission lines
buried in cropland, hay land and improved pasture shall have a minimum depth of 48 inches of



cover. At no time shall the depth of cover be less than 24 inches below the existing soil
surface. The location(s) of all buried electric cables and transmission lines is to be shown on
the site plan drawings.

(23) Intercept drain lines. The Ontaric County Soil and Water Conservation District is to be
consulted concerning the type of intercept drain lines whenever buried electric cable alters the
natural stratification of soil horizons and natural soil drainage patterns. Their report shall be
taken into consideration and design details shown on the site plan drawings.

(24) Pasturelands. Where a proposed large-scale ground-mounted solar PV system design affects
existing and continued pasture areas, it is necessary to construct temporary or permanent
fences around work areas to prevent livestock access which are to be based upon landowner
written agreements. Said agreements are to be referenced on the site ptan drawings and
copies thereof filed with the Town's project file.

(25) Excess concrete. Excess concrete used in the construction of the large-scale ground-mounted
solar PV system site shall not be buried or ieft on the surface in active agricultural areas of the
project. Concrete trucks are to be washed, in documented washout areas, outside of active
agricultural areas. A washout site is to be shown on the site plan drawings, along with notes
that identify the reclamation of these areas.

(26) Materials disposal. All permits necessary for disposal of materials brought onto a large-scaie
ground-mounted solar PV system site, under local, state andfor federal laws and reguiations,
must be obtained by the contractor with the cooperation of the landowner. Copies of all such
permits are to be noted on the site plan drawings and filed with the Town Development Office.

The following restoration requirements for all agricultural areas that are part of a large-scale
ground-mounted solar PV system which are temporarily disturbed by construction or
decommissioning shall:

(1) Be decompacied to a depth of 18 inches with a deep ripper or heavy-duty chisel plow. Soit
compaction results should be no more than 250 pounds per square inch (PSl) as measured
with a soil penetrometer. In areas where the topsoil was stripped, soil decompaction shouid be
conducted prior to topsoil replacement. Following decompaction, remove all rocks that are four
inches or greater in size from the surface of the subsail pricr to replacement of topsoil. Replace
the topsail to original depth and reestablish original contours where possible. Remove all rocks
sized four inches and larger from the surface of the topsoil. Subsoil decompaction and topsoil
replacement shall be avoided between October 1 of each year and May 1 of the following year.

(2) Regrade all access roads to allow for farm equipment crossing and farm animals and to restore
original surface drainage patterns or other drainage pattern incorporated into the approved site
design by the Planning Board.

(3) Seed all restored agricultural areas with the seed mix specified by the landowner to maintain
consistency with the surrounding areas.

(4) All damaged subsurface or surface drainage structures are to be repaired to preconstruction
conditions, unless said structures are to be removed as part of the site plan approval by the
Planning Board. All surface of subsurface drainage problems resulting from construction of the
solar energy project are to be corrected with the appropriate mitigation as determined by the
EM, Scil and Water Conservation District and the landowner.

(5) Postpone any restoration practices until favorable (workable, relatively dry) topsoil/subsoil
conditions exist. Restoration is not to be conducted while soils are in a wet or plastic state of
consistency. Stockpiled topsoil shall not be regraded, and subsoil shali not be decompacted
until plasticity, as determined by the Atterberg field test, is adequately reduced. No project
restoration activities are to occur in agricultural fields between the months of October and the
following May ynless favorable soil moisture conditions exist.

(6) Following site restoration, remove all construction debris from the site.
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(7) Following site restoration, at which point in time shall be agreed to by the landowner, the
project sponsar is to provide a monitoring and remediation period of no less than two years
from said agreed-to date to enable the revegetation of cover for the disturbed ground to make
sure erosion is controlled. General conditions to be monitored include topsoil thickness,
relative content of rock and large stones, trench settling, crop production, revegetation,
drainage and repair of severed subsurface drain lines, fences, etc.

(8) Mitigate any topsoil deficiency and trench settling with imported topsoil that is consistent with
the quality of topsoil on the affected site. All excess rocks and stones larger than four inches in
diameter shall be removed from the site.

(9) All aboveground solar array structures are to be removed and all areas previously used for
agricultural production are to be restored and accepted by the landowner, the Soil and Water
Conservation District, and the State Department of Agricuiture and Markets.

(10) Al concrete piers, footers, or other supports are to be removed to a depth of 48 inches below
the soil surface. Underground electric lines are to be abandoned in place. Access roads in
agricultural areas are to be removed, unless otherwise specified by the landowner.

Utility connections. Utility lines and connections from a large-scale ground-mounted solar PV
system shall be installed underground, unless otherwise determined by the Planning Board for
reasons that may include poor soil conditions, topography of the site, and requirements of the utility
provider. Electric inverters and transformers for utility interconnections may be above ground if
required by the utility provider.

Fences. Notwithstanding the provisions found in § 165-61, Fences, of this chapter, fences not
exceeding eight feet in height, including open-weave chain-link fences and solid fences, shall be
permitted for the purpose of screening or enclosing a large-scale ground-mounted solar PV system,
regardless of the district in which the system is located, provided said system is classified as a
principal use.

Barbed wire. Notwithstanding provisions for barbed wired found in § 165-61A of this chapter,
fences intended to enclose a large-scale ground-mounted solar PV system may contain barbed
wire canted out.

Height. Large-scale ground-mounted solar PV systems may not exceed 12 feet in height, excepting
weather monitoring equipment, which may extend to a height of 15 feet or such height as the
Planning Board finds appropriate and not objectionable under the circumstances, and excepting
utility poles and lines needed to transport solar energy to the utility grid and connection facilities of
the local utility.

Minimum lot size. Large-scale ground-mounted solar PV systems shall adhere to the minimum lot
size requirements for the zoning district in which the system is located, except that for residential
districts the minimum lot size shall be one acre.

Lot coverage requirements. Large-scale ground-mounted solar PV systems shall adhere to the
maximum lot coverage requirement for principal uses within the zoning district they are located. The
lot coverage of a large-scale ground-mounted solar PV system shall be calculated based on the
definition of "lot coverage" found in Article If, § 165- 10, of this chapter.

Signs. Large-scale ground-mounted solar PV systems classified as a principal use shall adhere to
the sign requirements for the zoning district in which they are located. However, a project
information sign and public warning signs shall be affixed to the project fence and the warning signs
are to be spaced apart at intervals recommended by the Federal Energy Regulatory Commission
(FERC) and shall be of the size recommended in said FERC regulations.

Location in front yard, Notwithstanding the requirements regulating location of accessory structures
found elsewhere in this chapter, large-scale ground-mounted solar PV systems classified as an
accessory use shall be prohibited in a front yard, including location in any front yard on a corner lot.
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Fires at New York Battery Energy Storage System
Facilities Ignite State Response =3 ’5‘2;.
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On July 28, 2023, in response to three

separate fires at Battery Energy
Storage System (“BESS”) locations in
New York, Governor Kathy Hochul
announced the creation of an inter-
agency fire safety working group.

Max Kukurudziak, Unsplash

The Fire Safety Working Group, to be comprised of the Division of Homeland Security
and Emergency Services Office of Fire Prevention and Control, New York State Energy
Research and Development Authority (NYSERDA), New York State Department of
Environmental Conservation, Department of Public Service, and the Department of
State.

The Fire Safety Working Group will conduct a root cause and emergency response
analysis to evaluate and identify the cause and effect of the battery storage fires. Beyond
the cause of the fire, the focus will include evaluation of air monitoring results and other
potential community impacts. In addition, on-site inspections of energy storage facilities
will be organized to examine the condition of batteries and verify on-site fire
suppression equipment and emergency-response plans at operational BESS facilities.

The recommendations developed by the Fire Safety Working Group will be shared with
the New York City Fire Department, National Fire Protection Association, International
Code Council, the New York State Fire Prevention and Building Code Council and
Underwriters Laboratories.
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kl‘he fires in question occurred between May 31 and July 27" in Suffolk, Orange and
Jefferson counties and come at a time when battery storage siting and development is
rapidly expanding on Long Island. Growth of these systems is attributable in part to
energy storage being identified as a critical component in the 2019 Climate Leadership
and Community Protection Act. The Act initially called for 3 GW of storage by 2030, a
goal that ultimately increased to 6 GW of storage by 2030, enough to represent 20
percent of the peak electricity load of New York State. News of the fires triggered
immediate scrutiny, including editorials calling for local boards to pause and revisit
battery storage proposals and battery storage codes pending the results of the Fire Safety
Working Group’s investigation.

The model Battery Energy Storage System Law developed by NYSERDA, and adopted
almost verbatim by several Towns, includes a number of fire-safety provisions, including
development of fire safety compliance plans, emergency operations plans, compliance
with fire-related building and electric codes, and specific access parameters for local fire
departments. It will be interesting to follow the recommendations of the Fire Safety
Working Group and how they impact local regulation of BESS facilities and the
development of energy storage.

[View source.]
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DISCLAIMER: Because of the generality of this update, the information provided herein may not be applicable in all
situations and shouid not be acted upon without specific legal advice based on particudar situations.,
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5. Once the Final Re-Subdivision Plat Map is signed the applicant has 62 days from
the date of signing to file a mylar and two paper copies of the plat in the Office of

the Ontario County Clerk.

6. Final Re-Subdivision Plat Approval is valid for a period of 180 days and shall auto-
matically expire unless final signature has been affixed on the final plat.

BE IT FINALLY RESOLVED that the Planning Board directs the filing of a certified
copy of this resolution with the project file and requests copies be provided to the Applicant

and the Applicant’s Surveyor.

The following vote on the above resolution was recorded in the meeting minutes:

Adrian Bellis
Timothy DeLucia
Edward Hemminger
Aaron Sweeney
Douglas Viets

Motion carried.

o S

Aye = 28

= IE

T N

Ae = B3
ye ey 10
Aye =20
A = Soim
e o
Y = ige

® D=

N 95

S Em

7. NEW SPECIAL USE PERMITS AND PRELIMINARY SITE PLANS

PB #0408-24

Name:

Location:

Zoning District:

Request:

New Preliminary Site Plan Application

Sky Solar Inc., 1129 Northern Boulevard, Suite 404,
Manhasset, N.Y. 11030

Northern Portion of Commercial Drive with the north end of the
southern portion of Commercial Drive and located on Tax Map
Accounts U29.07-1-05/ and -058.

LI Limited Industrial

An application for Preliminary Site Plan approval to allow for the
construction of solar arrays and a transformer area on the eastern
portion of the Sky Solar, Inc., Commercial Drive Solar Project; and
the construction of a section of Town Road with sidewalks, cross-
walks, streetlights, water li i

missing link between the south end and the northern portion of
Commercial Drive with the north end of the southem portion of
Commercial Drive and located on Tax Map Accounts 029.07-1-057
and -058 which contains a total of 7.75 acres of land.

i L
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PB #0409-24

Name;

Location:

Zoning District:

Request:

PB #0406-24

Name:

Location:

Zoning District:

Request:

New Preliminary Site Plan Application

Sky Solar Inc., 1129 Northern Boulevard, Suite 404,
Manhasset, N.Y. 11030

Tax Map Account #29.00-1-84.112 with access from along East
Corporate Drive and a future extension of Commercial Drive.
LI Limited Industrial

An application for Preliminary Site Plan approval to allow for the
construction of solar arrays, a transformer area and a stand-alone
battery energy st6rage system to be located upon a portion of Tax
Map Account #29.00-1-84.112 comprised of a total of 5.5 acres of
Jand with access from along East Corporate Drive and a future
extension of Commercial Drive. A

New Special Use Permit Application

Sky Solar Inc., 1129 Northern Boulevard, Suite 404,
Manhasset, N.Y. 11030

Tax Map Account #29.00-1-84.112 with access rom along East
Corporate Drive and a future extension of commercial Drive,

LI Limited Industrial

An application for a Special Use Permit to allow for the construction

PB #0407-24

Name:

and operation of solar arrays, a transformer area and a stand-along

battery energy storage system upon a portion of Tax Map Account
#29.00-1-84,112 comprised of a total of 5.5 acres of land with access

from along East Corporate Drive and a future extension of Commer-
cial Drive. This parcel is to be known as the western portion of the
Sky Solar, Inc., Commercial Drive Solar Project and is located south
of the American Lumber property which fronts along the south side
of Collett Road and extends south to the north property line for Tax
Map Account #29.00-1-84.113.

New Special Use Permit Application

Sky Solar Inc., 1129 Northern Boulevard, Suite 404,
Manhasset, N.Y. 11030

23
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Location: Tax Map Account #29.00-1-84.112 with access from along East
Corporate Drive and a future extension of Commercial Drive.

Zoning District: LI Limited Industrial

Request: An application for a Special Use Permit to allow for the construction
and operation of solar arrays and a transformer area upon a portion of
Tax Map Account #29.07-1-057. This parcel is known as the eastern
portion of the Sky Solar, Inc., Commercial Drive Solar Project and is
located south of A Safe Place Self-Storage property which fronts
along the south side of Collett Road and extending south to the north
property line for New Energy Works and the western properties of
Tax Map Account #’s 29.07-4-055 through -070 and Account #’s
29.0-4-073 and -074 which are located along the west side of
Redfield Drive.

The above four applications were reviewed by the Project Review Committee on September
7,2023; November 2,2023; December 7, 2023; January 4, 2024; February 1, 2024; and March
7, 2024,

On April 3, 2024, the Planning Board determined that the applications were complete, de-
clared its intent to be designated as the Lead Agency for making the State Environmental
Quality Review (SEQR) environmental declaration, and scheduled the Public Hearings to
begin this evening (April 17, 2024).

The SEQR Involved Agencies are:

New York State Department of Environmental Conservation, Region 8
New York State Department of Health

Canandaigua-Farmington Water and Sewer District

Town of Farmington Highway Department

The SEQR Interested Agencies are:

Lance S. Brabant, CPESC, MRB Group, D.P.C.. Town Engineers
Dan Delpriore, Farmington Code Enforcement Officer
Matthew Heilmann, Farmington Construction Inspector

Also on April 3, 2024, the Planning Board directed the Town staff to prepare the Project
Notification Review Letter, related electronic documents and the SEQR Response Form for
distribution to the Involved Agencies and the Interested Agencies. The SEQR Coordinated
Review Period began on Wednesday, April 10, 2024, and will conclude at 12:00 p.m. on
Friday, May 10, 2024.

Qg'_qg to the meeting, Ms. Lukasik provided the following informations

i ¥
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Dear Planning Board Members:

Sky Solar, LLC is proposing the construction of one (1) 0.5 MW-AC Com-
munity Solar Photovoltaic Array and an access road to be converted to Towp
of Farmington ownership after project completion on the lands of K&P Asso-
ciates, Ltd. (tax parcels 29.07-1-57.00, and 29-07-1-58.000). Lands currently
owned by K&P Associates, Ltd. to be purchased by Sky Solar, LLC upon
successful completion of Town approval.

The project is located just south of the dead end of Denny Drive on the east
side of the parcel. Per Town Code Chapter 165-65.3 Solar Photovoltaic (PV)
Systems, Sky Solar, LLC is required to proceed through the site plan review
and approval process along with receiving a Special Use Permit from the
Town Board. We are requesting to appear before the Planning Board at the
April 3, 2024, Town Planning Board meeting.

The subject properties are a combined 7.2 acres, currently zoned Limited In-
dustrial (LI). Large-scale solar is a permitted use within the LI Zoning District.
The project will utilize a leased area of approximately 4.29 acres within the
subject property. The project is bordered by commercial and industrial proper-
ties to the north, south, and west and a housing development to the east. _

The proposed solar array for the property includes the installation of ap-
proximately 57 racks of panels set on fixed tilt racking placed on the site to
accommodate existing topography. Each rack will stand approximately +16-
feet 3-inches in height. The racking will be spaced at 27-foot 2.5-inch intervals
on center, with a minimum width of 13-foot 7.25-inch aisles provided between
rows. A 7-foot high chain link fence will surround the array for security pur-
poses. The Commercial Drive Solar East Project meets all Town zoning code
as it relates to large-scale solar energy systems. .

The electricity produced by the array will be converted from DC power to AC
power via central inverters located on equipment pads. The AC power will be
collected and transformed to medium voltage power, which will then be sent
out via grid distribution. The equipment pads will include switchboards,
transformers, and DAS equipment.

Sky Solar, LLC is proposing that the array is utilized for Community Solar
purposes. The Community Solar program will allow local residences and busi-
nesses to purchase power from the array at a discounted rate compared to the
current electricity provider. Sky Solar, LLC is excited to pursue this project
within the Town of Farmington and looks forward to providing an opportunity
for clean, alternative energy to the Town and its residents.

We submit the following for your review and consideration:
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Project Narrative (10 copies)

Preliminary Planning Board Application for Site Plan Approval (10
copies)

Preliminary Planning Board Application for Special Use Permit (10
copies)

Commercial Drive Solar Plan Set (10 24" x 36" copies)

Stormwater Pollution Prevention Plan {one (1) copy) ?

Full Environmental Assessment Form (10) copies)
Decommissioning Plan (10 copies)

Equipment Specification Sheets (10 copies)
Operations and Maintenance Manual (10 copies)
Construction Cost Estimate (10 copies)

Abstract of Title (10 copies)

RG&E Invoices (10 copies)

Copy of Application Fee Check (10 copies)

Weere 15 A Lawvoscars Piran’ —Emily Lukasik, EIT
See MTDOD Guibecines - 26, 5+3% Project Manager, LaBella Associates, Rochester, N.Y.

Mr. Hemminger opened the Public Hearings on these applications.

Mr. Ruffolo of Sky Solar Inc. of Manhasset, N.Y., and Ms. Lukasik of LaBelia Associates of
Rochester, N.Y., presented these applications.

The discussion on these applications was held concurrently.
Mr. Hemminger said that the board must first deal with the environmental record of these
applications [as required by the State Environmental Quality Review Act] prior to considering

the Preliminary Site Plan and Special Use Permit applications.

He requested that residents provide facts, figures and data as to how this project would affect
the environmental record, the discussion of which will begin this evening.

— 2
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Mr. Ruffolo and Ms. Lukasik presented a set of PowerPoint slides on the video screens in the
meeting room and full-size drawings of the project area which included a brief history of the
company and photographs of some of the company’s other solar installations such as the
Vermont Landfill Solar Project which is the largest landfill solar project in the State of
Vermont. Mr. Ruffolo said that the company is working on eight solar projects which are now
under construction in New York State.

Ms. Lukasik said that the Farmington project has been designed as one site, that it would be
constructed on both sides of Commercial Drive, and that a new section of Town-dedicated
roadway will be constructed to connect the current two dead-end sections of Commercial
Drive. She said that the installation of utilities and the construction of a sidewalk to connect
the neighborhood to Collett Road are all part of the project.

Ms. Lukasik said that each side of the site will provide Y2 megawatt of electricity with a 5.0
megawatt battery storage facility on the west side.

Project data:
» Approximately 7.87 acres of development out of a total 13.2 acres.

* Approximately 1.15 acres of new impervious surfaces, connecting the two ends of
Commercial Drive.

* Proposed as fixed tilt racking with racks spaced 13.61 feet apart.

e New section of Commercial Drive to be dedicated to the Town at completion of
project.

e New Town water, overhead electric lines, fire hydrants streetlights and sidewalk
proposed along Commercial Drive.

¢ Two proposed equipment pads with inverters for solar.
¢ Two 20-foot-wide pervious access roads.
¢ One proposed equipment pad for battery storage.

e Majority of proposed stormwater treatment is through two bioretention basins and
grass filter strips.

¢ Seven-foot-high chain link security fence.

» Nine new utility poles proposed within the parcel boundaries, and one off site.

e All underground wiring until the new utility poles.

1%, | .
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With reference to the project drawing, Ms. Lukasik described the stormwater design. She said
that the project will not increase any flows off the site and that stormwater treatment will be
provided from two facilities on the property and by grass strips. Ms. Lukasik also said that the
solar arrays would be located within a security fence.

Mr. Brand said that the State Environmental Quality Review (SEQR) coordinated review with
the Involved and Interested Agencies began on April 10, 2024, and will end on May 10, 2024.
He identified the Agencies by name (see the listing on p. 24, above). He said that the Planning
Board is expected to be designated as the SEQR Lead Agency at the meeting on May 15,
2024, and subsequently will prepare Parts 2 and 3 of the Full Environmental Assessment
Form, will review the environmental criteria in the SEQR regulations, will make findings, and
ultimately will make the environmental determination of significance on this project.

Mr. Brand said the purpose of the meeting this evening this evening is to hear the residents’
concerns about the project, and most importantly their environmental concerns associated
with this.

Mr. Hemminger said that the environmental record is part of the New York State requirements
and that we have to do it.

Mr. Delpriore said that the Town staff has spent time reviewing these applications and that
the project is still under review. He said that the site has been challenging regarding storm-
water and that the staff has worked with the applicant on the Municipal Separate Storm Sewer
System (MS4) regulations. He said that this portion of the plan is still under engineering re-
view as the applicant works to comply with the MS4 requirements.

Mr. Ford said that this project includes a road connection to join the northern and southern
portions of Commercial Drive at the developer’s expense, Mr. Hemminger said that the con-
struction of the road is part of the applicant’s plan for this project and is included in the Town’s
adopted Comprehensive Plan [2021 Edition, Town of Farmington Comprehensive Plan].

Mr. Brabant said that the Commercial Drive road connection also has been identified in the
Town’s Major Thoroughfare Overlay District (MTOD) and that any project which came
before the Town in this location would have had this requirement to make the road connection
between the north and south portions of Commercial Drive. He said that this requirement
makes this project unique because most solar projects do not have to construct town roads and
sidewalks.

\
Mr. Brabant also said that there is a fairly large substantial drainage plan which is being re-
viewed by the Town and by the New York State Department of Environmental Conservation
(DEC). He said that this is also unique because most solar facilities would not have the sub-
stantial stormwater runoff as this project will have [because of the road and sidewalk con-

struction]. Mr. Brabant said that the plans as received tend to meet the Town and DEC re-
quirements but tvetc eted the engi ing review and will provide com-

ments upon the completion of the engineering review,
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Mr. Brabant said that the applicant has submitted an Operations and Maintenance Plan which
governs the operation of the site, such as day-to-day operations, and details such as when staff
will visit the site, and how the site will be maintained, among other topics. He said that he is
now reviewing the draft Operations and Maintenance Plan which the applicant has submitted
for compliance with the Town standards.

He also said that a Decommissioning Plan is required for any solar project. Mr. Brabant said
that this plan governs the removal of the solar equipment if the project falls through or if the
site were to be abandoned and includes the steps and cost estimates for removal.

Mr. Hemminger said that the road will be curved so that stormwater will flow into the catch
basins and into the internal drainage system to avoid having any runoff to the side land from
the road itself. RunorEr FrRIM THE ROADWAY EMBANKMENT
Discr ARGES OiTo ADJOINING RESIQENTS LAN).

Mr. Hemminger said that a large solar facility is now operating on Yellow Mills Road. During
that application, he said that the Planning Board and the Town staff went through all the issues
including the Operations and Maintenance, and the Decommission plans. He said that the
board and the staff are familiar with the process which is required for a solar project.

Mr. Hemminger also said that in his recent research on other solar projects he identified other
documents such as a viewshed analysis and a glare analysis. He said that he requested that the
applicant provide these types of documents for this project, and that the applicant has done
S0. = WHels& Ars THESE? WO REVIEWS |

Mr. Hemminger asked if anyone in the meeting room or on the remote video conference
wished to comment or ask questions on this application.

Mr. Raymond (6010 Redfield Drive): Now we’re very concerned about the woods that

back up to the back of our lot, and we’re about 180 yards down the road. [Are] there going

to be any woods taken out of there? 7HERE Wris BE Mo TREES REMAINING
BEHIND RESIDENCES Ar LOI0 THAOVGH (OLE,

Mr. Hemminger: I believe the answer to that is very little, if any. Correct? No

Mr. Ruffolo: We have a plan—do we have it with us?—that shows some trees will be

removed, but away from the residence, and there will be—is it a 75 feet
ALL TREES REMOVER FOr A NEW

) RETENMFION. PONMND, i
Mr. Hemminger: Very few trees, i any.’ And if you look at the viewshed documents they

gave us, you can see that you won’t be able to see through there.

Ms. Lukasik: The majority of the clearing—TI don’t know how familiar you guys are all
with that site-—there is an established woods and then there’s more sort of like scrubby sort
of marsh area—that’s where the majority of the clearing is that’s going to take place.

Mr. Raymond: s that where the road is going to be?

Ms. Lukasik: Yes, the road runs through that section, as well.
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Mr. Hemminger: But very little, if any, of the trees said that back to the houses will be ?
removed, if any. -

[Discussion about slides on the screen. ]

Mr. Hemminger: You can see there how much is still going to remain.

Mr. Bellis: The tree line there—

Ms. Lukasik: Yes, that’s just under a hundred feet.

Mr. Ruffolo and Ms. Lukasik then reviewed the locations of the woods, the proposed solar
panels, their property line, and Redfield Drive on the drawing which was displayed on the

video screen.

Mr. Raymond asked about the location of Redfield Drive on the drawing. Mr. Ruffolo and
Ms. Lukasik said that the gray area on the drawing represents Redfield Drive.

A resident asked which way was north on the drawing. There was a brief discussion re-
garding the delineations on the drawing of the locations of the woods, homes, and proposed
roads.

Ms. McConnell (6012 Redfield Drive): I don’t know much about solar, I mean, as far as
I’ve seen solar equipment out, things like that. Talk about transformers—is there noise? Is
there like a generator—some people have generators and they spark up, you know, for five
minutes—

Mr. Ruffolo: There is a transformer on site. It is not a generator so you will not hear an
engine-type noise. You would hear a hum. It would be similar to any transformer that’s
already servicing commercial properties. From a residence, I don’t believe you’ll hear
anything. It’s a hum, it’s a humming sound. It’s not an engine. There’s no—one of the
beauties of solar—

Ms. McConnell: Do they run 24/7 or do they come on—

Mr. Hemminger: When the sun’s out—

Ms. McConnell: When the sun’s out. Okay.

Mr. Hemminger: Can’t pick up solar at nighttime.

Ms. McConnell: Right, okay, so that’s when you’ll hear that humming?

Ms. Lukasik: You wouldn’t hear it unless you were very close. This question’s come up at
a lot of my meetings lately so I did the deep dive-—what decibels mean—and the sound

——
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associated with the transformer equate—and this is if you're basically next to it—is roughly
the same as a light rainstorm or a refrigerator sound. That’s the sound that it makes.

Mr. Hemminger: So if you're walking down the street you might hear it a little, maybe, on
a good day with the wind blowing the right way, but you’re not going to hear it most of the
time.

Ms. Lukasik: It’s similar to the equipment you would see on a residential street—the type
of equipment that’s on poles. It’s not substation type equipment.

Ms. McConnell: Okay.

Mr. Bellis: I think you’re going to hear the Thruway more than this. You can hear the
Thruway from my house.

Ms. McConnell: It’s operated by something. I was just wondering—

Mr. Brabant: As part of the process one of the items to be requested is a noise study, which
is typical to any application such as this, and that would have very similar data as to what
you’re hearing. He said that the applicant will be able to provide some documentation that
justifies what you are hearing.

Ms. McConnell: The only other question I had—you mentioned something about water
and drainage, or something. We do have water in our area over there. So, and some people
have had issues with water.

Mr. Hemminger: This will not create any additional water issues and in fact it probably
will help with any existing water issues

Ms. McConnell: Because of . . .
Mr. Hemminger: Because of the way it is going to be engineered.

Ms. McConnell: OK, so, do you built it,  mean, do you make it, where the water is, do you
make it deeper so that it doesn’t . . .

Mr. Hemminger: We will have this discussion when we get to the site plan, there’s no
doubt.

Mr. Hemminger then asked Mr. Brabant to comment on the stormwater plan.

Mr. Brabant: The applicant’s engineering firm has designed the plan to put the water ob-
viously in its lowest spot where natural flow is going to bring it on their site. As part of
that, they are not allowed to discharge directly off site. Anything that they are constructing
has to be retained on their site and then collected and treated before it runs off their site,
and that has to be done in a manner that doesn’t increase runoff from their site. It cannot
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be greater or substantially changing from what currently exists today. So, the improve-
ments that are there have a runoff but it has to be collected on their site, treated on their
site, before it ultimately discharges from their site. He said that there are rules and regula-
tions that they have to design to, and they have to meet.

Mr. Hemminger: So the end result should be the same or better water flow.

Mr. Weilert (6000 Redfield Drive): So that fence you’re going to put in, around, tell me
about the fence, made of what, how high?

Mr. Hemminger: Pretty early to discuss, but we will go ahead and let you guys do that.
Again, we’re talking about the environmental record here, but we’ll go ahead and do a
quick overview on the fence. Emily.

Ms. Lukasik: This wiil be a seven-foot-tall chain link fence for security and safety to keep
people away from the panels.

Mr. Hemminger: It’s a security fence, basically. Because there’s so many trees there to
block it, it’s not for aesthetic reasons. It’s for security reasons for their purpose.

Mr. Finn (6020 Redfield Drive): We actually live in the third building down coming from
96. It looks like the road is right close to our building. How far is that away and will those
trees be removed?

Mr. Hemminger: Again, we’re talking about site plan issues, but we’ll go ahead, Emily,
give him a quick overview. I'm not going to get too much into the weeds on this.

Ms. Lukasik: Part of the back and forth we’ve been doing with the Town to get everything
situated—this is sort of set up like a flag lot, so there is a very narrow space through here
[reference to the drawing] to get down to Commercial Drive, so this has to go right here,
to get up here and go through the site, so the trees where the roads are will be removed.
After our last discussion [with the Town], we're going to actually look and see o keep
more than we’re already planning on that side of the site, but where the road is going, we
have to clear it to build the road.

Mr. Hemminger: That’s the only spot they have on their property to build the road.
Mr. Finn: Unless you go in the other way.

Mr. Hemminger: Can’t go in the other land. They don’t own it.

Mr. Finn: Alright. And how far away would that be from our backyard, because . . .

Mr. Hemminger: It will be no closer than your back property line. I mean, it’s going to be
on their property. They’re going to have all the proper distances and easements, and all the
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other things so they can put water, sewer, or whatever down through there, but it’s going
to be on their property, not on yours.

Mr. Finn: I understand, but is there a buffer between my property . . .

Mr. Hemminger: Probably not. There won’t be any buffer at all through there, I doubt.
Mr. Finn: So my house is going to have a road in the front of it, and in the back of it.

Mr. Hemminger: Correct. Same way, again, remember, this road has been planned for
20/30 years, The developer certainly knew about it and certainly any of you that wanted to
look could have seen this exact situation happening because that road’s been planned—

[’ve been doing this for almost 30 years and it’s been planned for as long as I can remember.

M. Finn: [ know this is not part of the environmental [review]. Why is this road necessary
now with the solar farm going in on that property?

Mr. Hemminger: This is to connect that road up. Commercial Drive has been planned that
way—forever.

Mr. Finn: I understand that, but now that you know what’s there, why is this road now
necessary? Is it part of the master plan?

Mr. Hemminger: It’s part of the Town’s master plan to get traffic through there and get it
over to the other side. I’'m not going to debate that. It’s part of the Comprehensive Plan and
1t’s been discussed numerous times for the requirement to add it.

Mr. Finn: When does that come up in the process?

Mr. Hemminger: What does what? It’s part of the site plan.

Mr. Finn: . . . to argue the road?

Mr. Hemminger: You can argue the road any time, but the road is going to be part of the
discussion on the site plan, when we get to the site plan.

Mr. Finn: Okay, I understand, this is the environmental piece.

Mr. Hemminger: This is the environmental piece. The subdivision happens next. The
preliminary site plan is open, so once we’re done with the environmental record, we'll
begin to discuss the site plan.

Mr. Finn: And is the last discussion on the road?

Mr. Brand: No.
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Mr. Hemminger: No, it’s never the last discussion of anything until we close the Public
Hearing.

Mr. Finn: I’m trying to understand the process.

Mr. Hemminger: T understand. Until we close the Public Hearing it’s never the last
discussion on anything. You can talk about the road any time you want. Just understand
that the road is in there as part of the Comprehensive Plan which has been approved by the
Town Board, and as well as the MTOD [Major Throughfare Overlay District], which again
has been approved by the Town Board. ,2
Mr. Hemminger: The Town Board probably is more of a group to discuss the road with @99\\/\:{ '

than the Planning Board because we know that it’s what the Town Board and the residents
want, is to put that in there. We just try to make the project as good as we can given what
we have, and there’s almost no property there to put that road on, other than what they have
there.

Ms. deForet (6028 Redfield Drive): So, my backyard is 46 feet, so the road is going to be,
like, right there. My environmental questions—three—and thank you for covering the
drainage. Number 1: Our houses built by New York standards are air tight. We’ve got one
intake. Trucks going across that road are going to be emitting both organic compounds and
particulates. How am I going to know that that’s not coming into my house?

Mr. Delpriore: All those houses in that subdivision are built [with devices] with filters
which clean those particulates as they come in.

Ms. deForet: The filters down by our heater, the filters I change out?

Mr. Delpriore: No. You should have a box in the basement that has a filter in it that actuaily
takes in outdoor air . . .

Ms. deForet: That's the filter that [ change . . .
Mr. Delpriore: Not the one on your furnace . . . [Several people speaking; inaudible.]

Ms. deForet: Okay, alright, but T would also want to know that the air I'm breathing is
clean if I ever should choose to open my window or go in my backyard. I only own 46 feet
of it, but I do own 46 feet of it, okay.

Ms. deForet: Here’s another environmental question. When DC current is converted to AC
current, a pitch results. It is not just a noise like a refrigerator. It is a pitch. Some people—
and unfortunately I am one of them-—have unusual hearing. I would like to know where |
can go to hear [this sound], because whoever is doing the environmental study—99.999
percent of the chance is that their hearing is not as good as mine. Okay, so. I’'m just saying
you say it’s that quiet, tell me where I can go?
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Mr. Hemminger: Dan, can we get her to go out to our solar project, just built.

Mr. Hemminger (to Ms. deForet): If you work with staff to go out to the project we just
built, and I assume they’re similar transformers, I mean, a transformer’s a transformer.

Ms. Lukasik: They didn’t have a substation as part of that project, right?
Mr. Brand: No.

Ms. Lukasik: Then it would be similar equipment. I would also add just one thing. You
[Ms. deForet] said that you're down at the south end. Right?

Ms. deForet: Right near the pond.

Ms. Lukasik: Okay, so, the equipment that would make any sound is all the way at the top.
It’s all up there.

Ms. deForet: Understood.
Ms. Lukasik: It’s very far away from your house.
Ms. deForet: Understood. I can hear like a dog. Okay.

Ms. deForet: I have three. One more. The environmental assessment report—as someone
who has quite a bit of a stake in this—do I get to see it?

Mr. Hemminger: Everything we do is public.

Ms. deForet: Okay. How do [ get my hands on it?

Mr. Hemminger: Talk to staff. You’ll be able to see it. Staff will have it. We’ll publish the
Part 3, when we get ready—we’ll publish all the parts, when we do that. We publish it all.
It’s all on the website. It’s all available. We’re an open book.

Ms. deForet: Okay, sorry. And the trucks—the road is for trucks—right?

Mr. Hemminger: The road is for anybody who wants to drive it.

Ms. deForet: But the intent is for trucks.

Mr. Hemminger: Basically, [ mean it’s in an industrial arca.

Ms. deForet: So, the sound is going to cover the rumbling ground?

Mr. Brand: Of what?
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Mr. Hemminger: Part of the environment, [ mean—

Mr. Brand: If you provide us with information that identifies what the level of what those

decibels are from the rumbling trucks, and we’ll look at it. WHy 1s This THE P
— RESIDENTS RE SPonsI1BiiTY ]

Ms. deForet: This is the first time I've seen the map of where my house is, and the road, so

how am I supposed to provide that to you right now?

Mr. Hemminger: Well, let’s not get into an argument about it. We're going to an environ-
mental review. We’ll do what we can. [ mean honestly, there are many, many, many loca-
tions in this Town that are near someplace where a truck would drive. So, it is what it is.
We’ll go from there.

M. Delpriore: Just one quick correction on the record. That solar project [on Yellow Mills
Road] is not a Town project. It is another applicant.

Mr. Hemminger: True. That is true. When [ say “ours” I spent two years working on it. It
feels like it’s mine. But we’ll work with the people that own it to try to do that.

John Grady (6018 Redfield Drive): I'm a retired land surveyor and I had several meetings
with Dan [Mr. Delpriore] regarding the road, to get as much information as I could about
the road. I’ll just talk about the environmental conditions, and that deals with noise pollu-
tion. The road coming in from the south from Route 96, with that “S” turn in the road, the
traffic which is going from the north to the south goes into a slope on the road—a design
slope, according to the plan—of about five percent grade, that’s uphill. You’re going to get
tractor trailers—and that is the primary amount of traffic, it’s going to be tractor trailers
you’re going to get tractor trailers shifting, making a lot of noise, going up that road. And
that road is exactly that far from my property line. It comes right to the property line, ac-
cording to your plan, There’s no buffer, there’s no provision for controlling the noise, and
with the amount of truck traffic that goes there—it is going to be day and night, I’'m as-
suming—that is something like that the environmental record should show and should be
dealt with.

Mr. Hemminger: Appreciate the feedback. We’ll take it under consideration.

Mr. Costanza (6022 Redfield Drive): When I moved here from Perinton, we know Farm-
ington has a long-established history of creating green space and wanting green space.
When I bought that property, [ knew the Town owned that, but I always thought they would
keep it green . . .

Mr. Hemminger: The Town owns it? The Town doesn’t own it. No. He [referring to the
applicant] bought it from somebody—either bought it or are buying it from another land-
owner.

Mr. Costanza: Well, as I’m looking at that road, I’m right on that “S” curve, [ could shake
hands with the person driving down the street pretty much. I do want that in my backyard.
(Dow: 1)
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I would rather have the green space that’s there—it’s beautiful in the fall and it’s nice in
the summertime. If you can swing that road around and keep that space there . . .

Mr. Hemminger: Swing it where?

Mr. Costanza: The other way.

Mr. Hemminger: They don’t own that property.

Mr. Costanza: Well, there’s something called eminent domain.

Mr. Hemminger: That’s a Town Board issue, not a Planning Board issue.
Mr. Costanza: But

Mr. Hemminger: There’s nothing we can do about that.

Mr. Costanza: But—it’s got to be brought up.

Mr. Hemminger: You’ve got to bring it up to the Town Board. You can’t bring it up to us.
We can’t do that. We have nothing to do with eminent domain.

Mr. Costanza: Well, taking the suggestions here about the noise pollution and air pollution,
I mean, I'm right there. I’'m getting it all. And those fans that they were talking about they
put on Redfield Drive above your furnace—they don’t do anything. They do nothing. So
I’'m going to get all the particulates. I’'m going to get the rumbling of the trucks. I mean,
this piece of property is going to be worthless for any of the neighbors who bought in that
area.

Ms. Finn (6020 Redfield Drive): I’'m where I can roll out of bed onto the road, which is a
problem that I have, too. But, being environmental, last summer there were three fires in
battery storage facilities in New York State (Jefferson County, Orange County, Suffolk
County). People had to remain in their homes or go somewhere, until they could figure out
if the air was going to be okay. They still don’t know about water. So that’s a safety en-
vironmental concern, along with the road.

Mr. Hemminger: Well, certainly the water wouldn’t be affected since we get our water
from Canandaigua. It wouldn’t be an issue unless they have one down there, and certainly
it’s tested. The rest of it—we will take and put on record and we will consider it during the
environmental record.

Ms. Willard (6011 Redfield Drive): My concern is all of you. I guess I don’t understand

this process. You’re telling us we can’t do anything about the road because it was approved
20 or 30 years ago, so what is the point of having a Public Hearing?
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Mr. Hemminger: To take your feedback and try to make this the best project we can, given
what we have. It’s what we do every day. It’s what we’re required to do. We have to stay
within the property that this—that this person is going to have. We can’t turn around and
do eminent domain on someone—that’s not our role. That’s a Town Board issue if they
want to do stuff like that. We’re looking at the environmental record, and if the environ-
ment record for some reason comes out as a negative, then we’ll have to deal with and
come up with mitigations that will address any and all of the issues as it relates to the
environmental record.

Mr. Hemminger: This is a very preliminary discussion. This is the first time we’re having
this discussion. We’ll will take all the feedback we have. We hope to see you at as many
meetings as we go on. Because this will go on for a while as we deal with the environmental
record based on this project. I mean, if you’re worried about us, we’ve been doing this for
a long time. We do it in a very professional manner. This Town has a reputation to uphold
and that has been upheld by the courts numerous times, that we do the things the right way,
and will continue to do them the right way, as it relates to the requirements of New York
State and the requirements of what this Town does.

Ms. Willard: What is our recourse? I mean, you’re saying you're going to take it in con-
sideration that we all have questions, problems, issues with this road. And the other man
came out and said, well, it has been planned for 20 or 30 years. That’s it.

Mr. Hemminger: I didn’t say “that’s it.” We’re trying to help you understand the history
behind all of the different pieces here. If we decide that we shouldn’t put the road in be-
cause it environmentally doesn’t fit, then we will address that when that time comes. When
it gets to the point where we [the Planning Board] approve the environmental record, if you
don’t think that the environmental record is correct, your recourse is to take the Town to
court.

Ms. Willard: To file an injunction?

Mr. Hemminger: Well, no, that there is a process to go through. I'm not going (o go through
all the details. But, you know, I’m trying to help you understand the overall process,
probably more than I should, actually. Somebody’s going to shoot me in the foot if I say
too much more, so I’ll stop there.

Mr. Schell (5976 Redfield Drive): I’'m concerned about two things in the environmental
impact. We’ve had a neighborhood discussion with our building inspector about the re-
tention pond at the top of the hill that has, on torrential downpours, zero runoff. We were
told that the water is supposed to come from Route 96 into that, and then down to the lower
retention at the bottom.

Mr. Hemminger: That’s is an existing environmental problem. Let staff know about that,
and you guys have looked at it?
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Mr. Schell: We currently, in the lower one, we had to hire—or we have to hire—a re-
engineering firm to re-evaluate whether the land developer did it properly because there is
so much water in basements on both sides of Redfield Drive that the underground runoff
is not satisfactorily dealing with the runoff. So where is the runoff from the solar farm? Is
it going to go into the lower retention pond before it gets evacuated out?

Ms. Lukasik: No, we’re not connecting to any of those retention areas that are in the neigh-
borhood. We’re completely separate from those.

Mr. Schell: I have inspected probably about 25 solar sites of 25 megawatts or larger, and
every one that [ have been on all have runoff.

Mr. Hemminger: This is a very small project.
Mr. Schell: 1.2 megawatts is not that small, and up to 25 megawatts. They all have runoff.
Mr. Hemminger: They all handle it onsite.

Mr. Schell: They usually come in and just scrape the ground so they get the topography
that they want for the drainage, and then they start putting the pedestals in. So, we’ll have
a fence line that visually goes behind the Phase 2 portion of Redfield Drive. Most of the
solar projects that I’ve seen—the towns have made them put the little diagonal green
striping in the chain link fences and then line them with pine trees, so that they look
pleasingly to someone, but there’s an upper half of that, that is going to be bare to the eye.

Ms. Lukasik: Can | just add one, to help with that. We are not proposing any grading within
the arrays. It’s only for the road. There’s no grading in the site. It will stay as is—the
topography where the arrays are.

Ms. Spitzer (5999 Redfield Drive): I have a couple quick questions. You talk about the
environmental record. I’m naive. What is that, actually?

Mr. Hemminger: It’s a process we have to go through, fill out a bunch of forms, answer a
bunch of questions, address certain areas. State of New York has created a very—almost
said complex, but I shouldn’t say it that way—a very intense process for review of projects
to make sure that all the issues that might affect a neighborhood are addressed from an
environmental standpoint. It’s called State Environmental Quality Review process. It’s a
process we go through, so we answer a bunch of questions, we go through a bunch of
process, and make sure we’ve addressed everything. And anything that comes up that might
be of an environmental sensitivity, we have to provide work-arounds for that. It’s a process.
It’s a New York State process.

Ms. Spitzer: Thank you for the clarification.

Mr. Hemminger: No problem.
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Ms. Spitzer: A couple times people objected to the road. You said they owned that property.
Is this a triangular piece of property?
Mr. Hemminger: It’s kind of like a flag lot.
Ms. Lukasik reviewed the property boundaries on the drawing on the video screen. She
pointed out and described the property owned by the applicant and the property owned by
others. There was a brief discussion.
Mr. Hemminger: It’s a very thin piece of property.
Ms. Spitzer: I guess I go back to describing it as flag-shaped.
Mr. Hemminger: Yes, it’s a flag lot.

Ms. Spitzer: It’s very narrow at the bottom but clearly it opens up on the top.

Mr. Hemmering: Yes, that’s why the road is moved over. As it gets up there, it gets moved
over.

Mr., Ruffolo: As soon as we can turn, we turn onto our property.
Ms. Spitzer: That’s what I’m seeing now.

Mr. Ruffolo: Unfortunately, there’s only this strip—60 feet wide—it’s the only access to
the site on the southern part of it.

Ms. Spitzer: My last one: Are any electromagnetic fields created by this for those of us
with pacemakers.

Mr. Ruffolo: The transtformers and inverters will have, but there are very few components
and they will be far enough away from [?]. As we mentioned, most of the electronic equip-

ment is up in this corner [reference to the drawing] of the property.

Mr. Piccola (6026 Redfield Drive): You said this road has been in your Comprehensive
Plan for 20 or 30 years.

Mr. Hemminger: Yes.
Mr. Piccola: Is this the original layout in your Comprehensive Plan for this road.
Mr. Hemminger: I’m pretty sure. If not, it may have gone further to the east maybe, but it

has to connect up to the existing Commercial Drive. It has to start down here, so there may
be have been a straighter line, but nothing that would bring it . . .
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Mr. Piccola: But it would take it away from the residents if it went back to what you have
stated.

Mr. Hemminger: No, it has to go there because that what we decided . . . it’s on that one
person’s property, and then down.

[Unidentified] We’re those one people.
Mr. Piccola: We’re the building on the end.

Mr. Hemminger: I'm talking about the fact that . . . we never actually finalized the design,
and it just was there.

Mr. Piccola: But you then have the final “say” of where this road for this developer goes.
Mr. Hemminger: Yeah, but they can’t put it on somebody else’s property.

Mr. Piccola: Would it be their responsibility to get an easement from the people who own
the other property?

Mr. Hemminger: [ don’t believe so. Not at all.
Mr. Piccola: But it’s your choice to allow the road to go where their putting it,

Mr. Hemminger: The Planning Board cannot deal with anybody else’s property, other than
the person that comes before us. Period.

Mr. Piceola: I understand that. But that you have the right to say if they can put the road
where they’re putting it.

Mr, Hemminger: Well, yeah, given their property, yes, we have to do that, yes.

Mr. Piccola: So, if you said they can’t make that connection at this time, which road was
never totally completed 30 years ago, when Commercial Drive was originally put in your
Comprehensive Plan, they could enter their property from Collett and still dead-end it until

that road was finished—correct?

Mr. Hemminger: The answer is I don’t know. We’ll take your comments under advisement,
but it’s not something that we have ever done before.

Mr. Piccola: There’s always a first time.
Mr. Hemminger: T understand. [ understand. We’ll take your comments under advisement.

Ms, Whitford (5970 Redfield Drive): T don’t know a whole lot about solar, but I did Google
a lot of things . . .
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Mr. Hemminger: Google.

Ms. Whitford: Yes. good old Google, and 1 asked—the question was-—how close to a resi-
dential area is it safe to have a solar farm? And it came up with different things, but the
least one was 528 feet and the other ones were between Y2 and 1'% miles from a residential
area. So I'm not sure why this would even be a consideration so close to a residential area.

Mr. Hemminger: Well, we certainly need more than just that comment. If you’ve got any
data that would support that, you could certainly pass it to staff. We fwould] certainly in-
clude that and look at as part of our environmental record.

Ms. Whitford: Is this something that you should have looked at already?

Mr. Hemminger: We just got the project. We’re just in the process of looking at the en-
vironmental record. I mean, we have just received this project. This is the first presentation
of this project. It certainly [is] part of it. We certainly have staff looking at and reviewing
it. We certainly are going to look at everything we can, but if you—the residents—have
data, facts, figures, for us that can help us in this process, you can either give it to us or we
can try to find it. So, it’s kind of up to you.

Mr. Brabant: I think it’s important—it was mentioned earlier, so—as part of this environ-
mental review process, what it is, is this application that is before the Planning Board, is
the first meeting really that this board has had on this application . . .

Mr. Hemminger: The very first.

Mr. Brabant: And so what they’re doing now for the environmental review is they’re for-
warding out this application and all the components to all these agencies that Ron Brand
mentioned earlier to get their input on whether or not they feel—those agencies that govern
those types of critical environmental areas like wetlands, roadways, environmentally en-
dangered species—those type of things—we’re forwarding out to all those agencies to get
their input. That input then comes back to this board, and also they’re soliciting comments
from staff—all of our reviews of this application and all of the environmental reports and
application reports the applicants provide, like the glare study, like a noise analysis, a
Stormwater Pollution Prevention Plan, that tells us about the stormwater runoff from the
site—all of these components are being reviewed now by all of the departments, all of these
agencies. And then all of that information comes back to this board prior to them making
a decision on the environmental.

Mr. Brabant: Today and probably at future meetings, the goal is to get additional input
from the community on some of the things that you guys-—being that you live there—have
issues with, with it. The goal of that is to retain that information and utilize the reports that
we receive to determine whether or not information you provided has been mitigated by
the plan that is before us, or if there is an impact on the reports that we received, that has
to be mitigated or requires a plan change. If there isn’t anything that shows that a plan
change needs to occur, then we move on to the next step. If there’s changes that have to be

I | D



Page 43 of 71 Farmington Planning Board Meeting Minutes—DRAFT #1—SUBJECT TO CHANGE April 17, 2024

addressed, then the board will identify those—we call them impacts—and those impacts
will have to be mitigated by the applicant. It’s a very long process. This is Step One, but
right now we’re all kind of, for the first time, getting our feet wet with this application. I
just wanted to point that out.

Ms. Dunford (6007 Redfield Drive): I just have a few thoughts. Some of them are environ-
mental, one of which is, I find it strange to overlay a 30-year-old plan on an environment
that has drastically changed. The creation of developments like Redfield Drive and the
property taxes that are being generated by the reassessments on these townhouses are what
is theoretically funding this road, which we can debate whether it’s a thoroughfare that’s a
value to anyone else except the residents in that commercial area. So, I just want you to
consider that “environment” is not just land, sky, earth water. It’s the community of people
who are being affected. I hope that that’s not being taken off the table.

Mr. Hemminger: It’s part of the process, and by the way, this road will be built by the
applicant, and not by the taxpayers. /4y wovid THE APPLICANT

AGRER TU PAY FOR A RIAD THEY DONT NEED ?
Ms. Dunford: A second question: Would this project be permitted if they were not willing

to build that connection piece.

Mr. Hemminger: Well, I guess we won’t know, since they said they were going to do it, T
don’t know.

Ms. Dunford: T would be interested, personally, if the engineering company could generate
more to the community information on how many megawatts are being generated, what
the tax status of this development is, how many tax abatements they’re getting from the
State or from the Town-—just information like that which I think is interesting for us to
consume.

Ms. Dunford: Also Comnell [University] is putting in a 10-acre solar field right by the
airport which is completely deforested, you know, no residential areas around it. It’s gen-
crating 320—enough energy to power 320 homes for a year. This struck me as a lot. But I
was also wondering if the Town is getting any kind of electricity or commitment.

Mr. Hemminger: It’s a private development.

Mr. Clark (6025 Redfield Drive): Do you own this property right now?

Mr. Ruffolo: No.

Mr. Clark: Okay. They’re planning on doing something on property which they do not even
own yet. I like the point that she made, Ed, that this 20- or 30-year road that’s there—at

the time, was that zoned residential for the current Redfield Drive residents, because . . .

Mr. Hemminger: T don’t know the answer, but probably so, yes. 7722 4. 31042 s<
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[Unidentified] The answer is no.

Mr. Clark: I doubt that it would be zoned that way for residential on top of that road. Now,
you approved the residential neighborhood but 30 years ago, when that road was there, 1
don’t think it was approved to have residential there.

Mr. Hemminger: Was that Incentive Zoning?
Mr. Brand: Originally that area was zoned Restricted Business on one side and Light In-

dustrial on the other, and over the years they tried to develop it with different proposals. At
one point, there was even going to be that an indoor gun-shooting range.

Clerk's Note: The Redfield Drive property was rezoned by the Town Board
to Incentive Zoning on February 24, 2015:

Town Board Resolution #103-2013:

Resolution adopting Local Law #5 of 2015 directing the amendment of the
Town Official Zoning Map affecting tax accounts #29.11-3-5.100, consist-
ing of a total of 16.5 acres of land from RB Restricted Business and L1
Limited Industrial to IZ Incentive Zoning; #29.00-2-3.800, consisting of a
total of 5.6 acres of land from R-1-10 Residential Single Family to IZ
Incentive Zoning; and #29.11-3-1.00, consisting of a total of 0.89 acres of
land from GB General Business to 1Z Incentive Zoning; and establishing
the Incentive Zoning District site amenities and incentives controlling the
development of this Redfield Grove Incentive Zoning Project.

Carried.

Mr. Hemminger: So it went to Incentive Zoning. So the Town Board made the decision
that that would go residential.

Mr. Brand: A portion of it.

Mr. Hemminger: A portion of it. The rest of it stayed as it was.

Mr. Brand: Commercial.

Mr. Hemminger: And the road was part of the part they left as Commercial.

Mr. Clark: Your Code Enforcement Officer over here—he made reference to these filters
and I would like to get information from him and the knowledge he has about those filters.

Mr. Hemminger: Okay, you can certainly reach out to him . . .
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Mr. Clark: Is that a requirement that’s set out by the Code Enforcement or was that some-
thing that Pride Mark offered?

Mr. Delpriore: No, every new house has one of those.
Mr. Hemminger: State requirement,

Mr. Clark: Are they all the same units?

Mr. Delpriore: Similar units. They all do the same . . .

Mr. Clark: I would like to have data on that, please, on the similar units that do the same
thing.

Mr. Delpriore: Sure you can request that . . .

Mr. Clark: Because those units do not do what {?] they are made to do.
Mr, Hemminger: Okay, we're getting down to . . .

Mr. Clark: I make a request to have him provide, if he could . . .

Mr. Hemminger: You can reach out to the Building Department any time and he will work
with you on that.

Ms. McConnell (6012 Redfield Drive): Seeing that the property isn’t purchased by you yet,
you don’t own the property, and still doing a lot of investigating, or whatever, what is the
time plan, your time plan, for when you feel that you would be able to have this working
and available, and doing what you purchased the property for? I mean, is this like five years
from now?

Mr. Ruffolo: Our intention is to purchase the property shortly. We have been working on
this with staff and that there is a separate process designed with the utility. The utility has
a very long process. So before we even got to this stage, we had to apply and get approval
from the utility that they can take the power from this site and safely integrate into their
grid. So, we have that approval. There’s a payment process in there, 25 percent, and ac-
tually this week making the 25 percent deposit of the cost to the utility to connect this
project. So that’s been done. The land purchase is in the next week. The project, depending
upon how long we go through the [?] process, as I mentioned early on, the project would
be a 2025 build, so probably next summer, and it would not take more than four months to
build this project, so it probably would be in operation until the end of next year.

Ms. Karpinski (6008 Redfield Drive): I guess my concern are property values, and, you
know, I don’t think any of us moved into this neighborhood thinking that—especially the
people that are up where this road is going to come in—that, you know, there was going to
be this big giant commercial road put in. I just question why you would ever have approved
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to have a residential area knowing that this was the potential for what you were going to
do with this road and this property. I mean, I'm sure that you all own homes, and this is
our property, this is our investment, these are not cheap lownhouses, okay, these are ex-
pensive homes. And I feel really bad for the people that are going to be living near this
road because what buffer are they going to get? Are you going to put in fences there so that
there’s some, you know, noise reduction, so they don’t have to look at a road? 1 mean,
seriously, I’'m just saying for the people that live in this community. [ mean, you have to
put yourself in our shoes right now because these are our homes. We want to be able to
have the value that we put into these homes. So, I just want you to be thinking about that.
[ hear that, you know, you had this road planned for 30 years and all this stuff, but you
approved for us—for this development—to be putin. Jio 7ws Frawva/ve Bosanre
REviaw & APPROVE THE CHANGE 1o INCENTIVE Zomiveg T

Mr. Hemminger: The Town did that.

Ms. Karpinski: You had to have known that this was maybe coming down the pike and I
just hope that you would just think about us as residents and what you're going to do to
make it so that we have the value of our homes.

Mr. Hemminger: We certainly will keep that mind. The Town Board is the one who did
the Incentive Zoning. We deal with it after that happens.

John Grady (6018 Redfield Drive): Just one thing that I forgot to mention regarding the
environmental record. The part the southern section of the road which is very close
adjoins the property line. The proposal that shows on the plot plan shows that the road will
be approximately eight feet higher than the existing ground throughout that area, which
means if you are standing in my backyard, you are looking at the side of a highway em-
bankment, which is going to be above your head. If you are stand in my bedroom and look
at it, you would still be looking into the side of a highway embankment. This road design
is NOt 8 200d SOIULION. AR G- ad At Gt Yy LB DL LT
EPPIE TN T P WONE T T W FYVIE S 2

Mr. Raymond (6010 Redfield Drive): Ed, do you hear what’s going on here? There’s 40
people here or more, and none of us want this road in this position, or even close to our
houses.

Mr. Hemminger: I do. I certainly do.

Mr. Raymond: Do you? It seems though we’re all bringing up these problems that we have,
and bringing them up to you, and what they are hearing back from you is put us off, go out
and get some information and bring it into the Town, I go this, [ go that, or that it was
always planned that way, or that it is fine that it is straight up to the backyard of the house.
It’s fine if there are trucks, you know, going in and out, and everything. It isn’t fine. There
isn’t anybody in here, and I hope that you all agree with me, this is not fine.

(Audience applause)
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Mr. Hemminger: I certainly understand you, and [ understand where you’re coming from.
And it certainly isn’t my first rodeo here. I've been doing planning and zoning for some
20-some-odd years. On the other hand, our responsibility is pretty simple, by law, we take
the project as it’s presented and try to make it the best project possible. I don’t have the
ability, unless there’s an environmental issue, that says there’s an environmental issue that
can’t be mitigated to just say, “we’re not going to do the project.” Okay? This is zoned,
available for this. This is the way the Town has made decisions to set things up. So we

have to do the best job we can with what we have. Wkar you HAVE /s A
LESIPENTIAL SUBDIVISION WHICH THE TO0WN PERZM TTED
AAMD 75 AOT NOWw PProefrmBecrivg,

Mr. Hemminger: We’re going to look at the road. Certainly, that’s a big issue. We’ll talk
to the Town Board. They did the issue with the Incentive Zoning and see where they were
coming from on the whole project. We’ll look at some different pieces of this. 'm not
saying—this is the very first time we've had a meeting on this. This is the first time we’ve
heard from the applicant—the first time you’ve heard from the applicant. So, this is not a
done deal. If [ came off—I'm trying to help you understand the reality of the situation as
opposed to—and that’s why we have an environmental review and we have the whole
process. I'm trying to help you understand some of the reality of the situation. That is zoned
_t;_c_)r thls kmd of thin gm tha:fosmon That road has been set tup g}ge there fori,lfgr I m Elust

£,
a 1Y as t % s stpy ‘hatga}l It’ does t mean We can t chan S

ng’f oes
g oTE ME e IPEMTS
?l? but this'is the be innirg of thé pr process. Ok 7o PROTECT THE HEZ
oF ﬂ’en;--/e;_o CGROVE FRom THE »Mnc,ﬁ 9= THIS ADJOINING

Pror
Mr. Schell (5976 Redfield Drive): Thank you, Ed, for listening to everbody here.

Mr. Hemminger: Thank you.

Mr. Schell: With the general complaint all about the same thing—What’s the process for
us to take this to the {Town] Board so that they will hear us and then maybe come back and
bend your ear?

Mr. Hemminger: Well, first off, the Town Board doesn’t bend our ear. We are independent
of the Town Board. We are appointed to do our job as a Planning Board. The Town Board,
by law, is not supposed to interfere with the Planning Board. Now, that being said, your
development [Redfield Grove] was an Incentive Zoning project. The Town Board ap-
proved that, not us. We then took what they approved and made it the best we could and
you have a very, very nice area over there, which is right across the street from me, by the
way. I live over there on King Hill, across the street. So [ know that area very well.

Mr. Hemminger: But if you want to talk to the Town Board, all you got to do is show up
at a meeting or better yet, get a meeting, sit down, talk to the supervisor. Tell him what
your concerns are with that road, yadda, yadda, yadda. I don’t know what they can and
can’t do. That’s not my area of responsibility. I'm not trying to shove it off. But that, we
have our role here. They have their role there. And really, the two don’t really connect. Tt
sounds kind of funny that the Town Board can’t and doesn’t tell us what to do. They don’t,
they can’t, by law.

T B,
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Mr. Hemminger: You know what I always try to do, and maybe I shouldn’t do it, and [ tell
you that the Supervisor probably tells that [ shouldn’t do it as much as I do, part of, I think
my job is to try and help educate you on the process—educate you, the citizens, who don’t
do this stuff every day like we do, haven’t done it for 25 years like I’'ve done it, try to help
you understand the process a little bit. And if it sounds a little cold, if it sounds a little rigid,
it’s government. It’s the way things end up being as we do things. It doesn’t mean we can’t
adjust and adapt, and do other things, but I try to help you understand the process. And if
you don’t like the process, I’m sorry, we didn’t establish the process. It’s established by
the State of New York and the laws of the State of New York and that’s what we’re stuck
with. It doesn’t mean we don’t care. It doesn’t mean we don’t sympathize with you. It
doesn’t mean we don’t care about the value of your property. It doesn’t mean we don’t do
any of that. At the same time we care about the developer, what they’re doing and how
they’re doing it, and the other types of things. So, | hope you don’t leave here angry at us,
but hopefully you leave here with an understanding of the process and know that there will
be many more meetings like this where we will discuss different things. And we will
attempt to do the best we can.

Ms. deForet: I'm sorry sir, | wanted to ask you a clarifying question. You said that you all
just started this. This gentleman said multiple times, and he stopped himself from saying
how long he is doing this, and as soon as that sign went up by the pond I called and [ met
with Dan Delpriore, okay. And I looked at a map that had not just been written that day.
So, I’m a little offended.

Mr. Hemminger: The staff has been looking at it. The Planning Board just received it. The
staff has been looking at it, working with the applicant. I know numerous meetings. But,
we, as the Planning Board, is what I meant. This is our first time seeing this and hearing
this. I apologize if I didn’t made that clear.

Ms. deForet: Okay, I just want to reiterate what other people have said. This is my only
house. 1 worked my whole life to be able to live in this house. I don’t know what I am
going to do with the road being built closer to my backdoor than the road in the front, and
people giving me smoke and mirrors that the fumes aren’t coming into my house. I am
feeling like . . . T just don’t even know how to explain to you how angry [ am with the way
you keep saying, “We’ll take that under advisement.” T don’t feel like you’re understand-
ing.

Mr. Hemminger: That’s the process we’re in. We’re in the environmental review. That’s
what we do. We take your feedback. We get it on the record and we go through the process.
What do you want me to say, right now? [ have no process to go through except the State-
mandated process. I understand how you feel, but I can’t turn around and violate the laws
of the State of New York because you feel the way you feel. I have to follow the law. |
mean, I know it’s cruel, but it is the process that we have to go through. T can’t just turn
around and go, “no, I looked at it, I don’t like it. Cancel it.” It doesn’t work that way.

Ms. deForet: [ still don’t understand why you’re even listening to us because what you say
to me is that it doesn’t matter what we say. [Another person speaking.] You’re coming
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across like it doesn’t matter what we say, and then you’re telling me I need to bring data.
Dude, do you want me to [unintelligible]. I’'m a chemist. I can collect data. Trust me.

Mr. Hemminger: I'm sorry. We still have to go through a process.

Mr. Cammarata (6009 Redfield Drive): Thank God, I’m on the other side of these town-
homes that you’re going to build this road by. The one thing that keeps going through my
mind-—this whole board seems to be infatuated with the idea that these people are going to
pony up the money. That's the two ends of Commercial Drive.

[Brief applause]

Mr. Cammarata: This board seems to be—that’s the greatest thing. Let’s just shove this
road through there. And it’s going to be commercial vehicles, big heavy vehicles coming
up and down this road, for what? So they can get from one end of Collett to 962 Is that
worth all of this?

Mr. Hemminger: Appreciate your feedback and all we can do is put it on the record and
consider it when we do the environmental record.

[Unidentified] Is there any thought to not doing that? To not putting that . . .

Mr. Hemminger: We have to go through the environmental review process.

[Several people speaking briefly at once.]

Mr. Costanza (6022 Redfield Drive): You were asking “what can 1 say?” Well, what you
can say is, and what would give us a bit more confidence, is that even though this [road]
was planned 30 years ago, needs of the community change in 30 years. What was there 30
years ago probably were vacant lots, and that was fine at that time. But you’ve got to con-
sider that the needs of this community are changed. As they’ve said up here, we’ve got our
investment here. Our investment is going to be zero with a road that’s eight feet higher than
we are, than our own homes. If something tips off that road, it’s going to be right in our
house.

Mr. Hemminger: I appreciate the . . . and again, we’re going to look at everything,

Ms. Cammarata (6009 Redfield Drive): Why are they purchasing this property if this has
not been approved?

Mr. Hemminger: It’s their choice. It’s a commercial venture.
Ms Cammarata: But why would I buy a property . . . I mean, they must be in this process.

Mr. Hemminger: It is what it is. They can decide what they purchase and when they pur-
chase it.
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Mr. Hemminger asked three times if anyone on the remote video conference wished to
speak for or against this project. There were no requests to speak from anyone on the re-
mote video conference.

Mr. Hemminger said that the board has four resolutions for consideration this evening for
the continuation of the Public Hearings until May 15, 2024.

Mr. Hemminger then asked board members if they had comments.

Mr. Sweeney asked about the decommissioning of the site and if there is a procedure for
restoring the land, especially that a portion of the property is now wooded. Mr. Ruffolo
said that their general plan is to remove the equipment and reseed the property to return the
land as a field.

Mr. Sweeney also asked about the revised surety for emergency decommissioning if the
site is abandoned prior to the end of its functional life. Mr. Ruffolo said that a bond or a
similar financial instrument would be put in place for the benefit of the Town if the com-
pany abandons the site.

Mr. Hemminger said that the solar company will create a bond if this company is not able
to restore the property. He said that the Town will review the bond every five years to
assure that the dollar amount remains adequate for the Town to perform the recovery.

Mr. Sweeney said that oils are not listed in the Table of Waste in the Decommissioning
Plan. Mr. Ruffolo said that oils, if any would be contained within the transformer. He said
that no oils or other liquids would be stored on the site, other than any in the transformer.
Mr. Ruffolo also said that the Operations and Maintenance Plan includes procedures for
emergency response. He said that his company will work with the appropriate department
regarding the skills for handling emergencies.

Mr. Hemminger said that the Town has been through this on the larger solar project {on
Yellow Mills Road] and that the Town has some good experience on the decommissioning
plans if we get to that point. He said that the environmental review will cover everything
that we need. He also highly encouraged everyone to review the environmental review
documents when they come out. He said that feedback is important.

[Unidentified] A resident asked about the planting of grass and if the plan is to remove all
the woods. Mr. Ruffolo said that there will be a buffer of woods which would remain, and
that where the solar arrays will be located will be restored to grass. He said that the maxi-
mum height of the solar arrays is 9 to 10 feet high from the ground. Mr. Ruffolo said that
the front end of the solar panels would be about three feet off the ground.

Ms. Grady (6018 Redfield Drive) asked why did the company agree to build the road. Mr.
Brand said that the road connection has been part of the Town’s ongoing Comprehensive
Plan. Mr. Hemminger said that the company decided to develop this land and that part of
the development of this site is the construction of the road connection. The resident asked
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if the Town will have the road after the decommissioning of the site or regardless of the
success [of the project] or not. Mr. Hemminger said that this correct.

There were no additional comments or questions on this application this evening.

B A motion was made by MR. BELLIS, seconded by MR. VIETS, that the reading of the
following resolutions be waived and that the resolutions be approved as submitted by the
Town staff:

TOWN OF FARMINGTON PLANNING BOARD RESOLUTION

ADJOURNMENT AND CONTINUATION OF THE PUBLIC HEARING UPON THE
PROPOSED SPECIAL USE PERMIT FOR THE PROPOSED EAST PORTION

OF THE SKY SOLAR, INC. SOLAR PROJECT

PB #0406-24

APPLICANT: Sky Solar, Inc., 1129 Northern Boulevard, Suite 404,
Manhasset, N.Y. 11030

ACTION: Adjournment and Continuation of the Public Hearing on the

application for a Special Use Permit to allow for the construction
and operation of solar arrays, a transformer area and a stand-
alone battery energy storage system upon a portion of Tax Map
Account #29.00-1-84.112 comprised of a total of 5.5 acres of land
with access from along East Corporate Drive and a future
extension of Commercial Drive. This parcel is to be known as the
western portion of the Sky Solar, Inc., Commercial Drive Solar
Project and is located south of the American Lumber property
which fronts along the south side of Collett Road and extends
south to the north property line for Tax Map Account #29.00-1-
84.113.

WHEREAS, the Town of Farmington Planning Board (hereinafter referred to as the
Planning Board) has tonight opened the Public Hearing on this application; and

WHEREAS, the Planning Board has tonight received testimony upon this application; and

WHEREAS, the Planning Board has on April 3, 2024, classified the proposed Action in
accordance with the procedures contained within the State Environmental Quality Review
Act (SEQRA) as being an Unlisted Action, determined a coordinated review necessary and
on April 4, 2024, provided notification to the Involved and Interested Agencies, and
declared the Planning Board’s intent to be designated the Lead Agency at their scheduled
meeting on Wednesday, May 15, 2024; and

WHEREAS, in accordance with the provisions contained in 6NYCRR Part 617 of article
8 of the New York State Environmental Conservation Law (ECL) no decision may be made
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upon this Action under a Lead Agency has completed the environmental record and has
made a determination of significance thereon.

NOW, THEREFORE, IT RESOLVED that the Planning Board does hereby adjourn this
public hearing tonight and moves to continue it at the scheduled May 15, 2024, public
meeting.

BE IT FINALLY RESOLVED that a certified copy of this resolution is to be provided to
the Town Staff, the Applicant, the Applicant’s Engineers, the Town Director of Planning
and Development, the Town Code Enforcement Officer, and the Town Zoning Enforce-
ment Officer.

TowN OF FARMINGTON PLANNING BOARD RESOLUTION

ADJOURNMENT AND CONTINUATION OF THE PUBLIC HEARING UPON THE
PROPOSED SPECIAL USE PERMIT FOR THE PROPOSED WEST PORTION

OF THE SKY SOLAR, INC. SOLAR PROJECT

PB #0407-24

APPLICANT: Sky Solar, Inc., 1129 Northern Boulevard, Suite 404,
Manhasset, N.Y. 11030

ACTION: Adjournment and Continuation of the Public Hearing on the

application for a Special Use Permit to allow for the construction
and operation of solar arrays and a transformer area upon a
portion of Tax Map Account #29.07-1-057. This parcel is known
as the eastern portion of the Sky Solar, Inc., Commercial Drive
Solar Project and is located south of A Safe Place Self-Storage
property which fronts along the south side of Collett Road and
extending south to the north property line for New Energy
Works and the western properties of Tax Map Account #’s
29.07-4-055 through -070 and Account #’s 29.0-4-073 and -074
which are located along the west side of Redfield Drive.

WHEREAS, the Town of Farmington Planning Board (hereinafter referred to as the
Planning Board) has tonight opened the Public Hearing on this application; and

WHEREAS, the Planning Board has tonight received testimony upon this application; and

WHEREAS, the Planning Board has on April 3, 2024, classified the proposed Action in
accordance with the procedures contained within the State Environmental Quality Review
Act (SEQRA) as being an Unlisted Action, determined a coordinated review necessary and
on April 4, 2024, provided notification to the Involved and Interested Agencies, and
declared the Planning Board’s intent to be designated the Lead Agency at their scheduled
meeting on Wednesday, May 15, 2024; and
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WHEREAS, in accordance with the provisions contained in 6NYCRR Part 617 of article
8 of the New York State Environmental Conservation Law (ECL) no decision may be made
upon this Action under a Lead Agency has completed the environmental record and has
made a determination of significance thereon.

NOW, THEREFORE, BE IT RESOLVED that the Planning Board does hereby adjourn
this public hearing tonight and moves to continue it at the scheduled May 15, 2024, public
meeting.

BE IT FINALLY RESOLVED that a certified copy of this resolution is to be provided to
the Town Staff, the Applicant, the Applicant’s Engineers, the Town Director of Planning
and Development, the Town Code Enforcement Officer, and the Town Zoning Enforce-
ment Officer.

TOWN OF FARMINGTON PLANNING BOARD RESOLUTION

ADJOURNMENT AND CONTINUATION OF THE PUBLIC HEARING UPON THE
PROPOSED PRELIMINARY SITE PLAN FOR THE PROPOSED EAST PORTION
OF THE SKY SOLAR, INC. SOLAR PROJECT

PB #0408-24

APPLICANT: Sky Solar, Inc., 1129 Northern Boulevard, Suite 404,
Manhasset, N.Y. 11030

ACTION: Adjournment and Continuation of the Public Hearing on the

application for Preliminary Site Plan approval to allow for the
construction of solar arrays and a transformer area on the
eastern portion of the Sky Solar, Inc., Commercial Drive Solar
Project; and the construction of a section of Town Road with
sidewalks, crosswalks, streetlights, water line and fire hydrants
completing the missing link between the south end and the
northern portion of Commercial Drive with the north end of the
southern portion of Commercial Drive and located on Tax Map
Accounts 029.07-1-057 and -058 which contains a total of 7.75
acres of land.

WHEREAS, the Town of Farmington Planning Board (hereinafter referred to as the
Planning Board) has tonight opened the Public Hearing on this application; and

WHEREAS, the Planning Board has tonight received testimony upon this application; and
WHEREAS, the Planning Board has on April 3, 2024, classified the proposed Action in
accordance with the procedures contained within the State Environmental Quality Review

Act (SEQRA) as being an Unlisted Action, determined a coordinated review necessary and
on April 4, 2024, provided notification to the Involved and Interested Agencies, and
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declared the Planning Board’s intent to be designated the Lead Agency at their scheduled
meeting on Wednesday, May 15, 2024; and

WHEREAS, in accordance with the provisions contained in 6NYCRR Part 617 of Article
8 of the New York State Environmental Conservation Law (ECL) no decision may be made
upon this Action under a Lead Agency has completed the environmental record and has
made a determination of significance thereon.

NOW, THEREFORE, BE IT RESOLVED that the Planning Board does hereby adjourn
this Public Hearing tonight and moves to continue it at the scheduled May 15, 2024, public
meeting.

BE IT FINALLY RESOLVED that a certified copy of this resolution is to be provided to
the Town Staff, the Applicant, the Applicant’s Engineers, the Town Director of Planning
and Development, the Town Code Enforcement Officer, and the Town Zoning Enforce-
ment Officer.

TOWN OF FARMINGTON PLANNING BOARD RESOLUTION

ADJOURNMENT AND CONTINUATION OF THE PUBLIC HEARING UPON THE
PROPOSED PRELIMINARY SITE PLAN FOR THE PROPOSED WEST PORTION
OF THE SKY SOLAR, INC. SOLAR PROJECT

PB #0409-24

APPLICANT: Sky Solar, In¢., 1129 Neorthern Boulevard, Suite 404,
Manhasset, N.Y. 11030

ACTION: Adjournment and Continuation of the Public Hearing on the

application for Preliminary Site Plan approval to allow for the
construction of solar arrays, a transformer area and a stand-
alone battery energy storage system to be located upon a portion
of Tax Map Account #29.00-1-84.112 comprised of a total of 5.5
acres of land with access from along East Corporate Drive and a
future extension of Commercial Drive.

WHEREAS, the Town of Farmington Planning Board (hereinafter referred to as the
Planning Board) has tonight opened the Public Hearing on this application; and

WHEREAS, the Planning Board has tonight received testimony upon this application; and
WHEREAS, the Planning Board has on April 3, 2024, classified the proposed Action in
accordance with the procedures contained within the State Environmental Quality Review

Act (SEQRA) as being an Unlisted Action, determined a coordinated review necessary and
on April 4, 2024, provided notification to the Involved and Interested Agencies, and
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declared the Planning Board’s intent to be designated the Lead Agency at their scheduled
meeting on Wednesday, May 15, 2024; and

WHEREAS, in accordance with the provisions contained in 6NYCRR Part 617 of Article
8 of the New York State Environmental Conservation Law (ECL) no decision may be made
upon this Action under a Lead Agency has completed the environmental record and has
made a determination of significance thereon,

NOW, THEREFORE, BE IT RESOLVED that the Planning Board does hereby adjourn
this Public Hearing tonight and moves to continue it at the scheduled May 15, 2024, public
meeting.

BE IT FINALLY RESOLVED that a certified copy of this resolution is to be provided to
the Town Staff, the Applicant, the Applicant’s Engineers, the Town Director of Planning
and Development, the Town Code Enforcement Officer, and the Town Zoning Enforce-
ment Officer.

The following vote on the above four resolutions was recorded in the meeting minutes:

Adrian Bellis Aye
Timothy DeLucia Aye
Edward Hemminger Aye
Aaron Sweeney Aye
Douglas Viets Aye

Motion carried.

(The meeting was in recess from 8:54 p.m. to 9:00 p.m.)

8. OTHER BOARD ACTIONS
A, Review of Norbut Solar Farm Project (Town of Victor referral):
Pursuant to General Municipal Law Section 239-nn, the board received a referral
on March 26, 2024, from the Victor Town Clerk regarding the Norbut Solar Farm,
LLC, a project which is proposed for a parcel of land in Victor, N.Y., on the south

side of County Road 41 adjacent to the Victor/Farmington town line.

Mr. Hemminger continued the discussion of this application which began at the
Planning Board meeting on April 3, 2024,

(See Planning Board Minutes, April 3, 2024, for a summary of this application.)
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An expert talks solar battery
farms, how they work and the
risks
(https://www.northcountrypublic
expert-talks-solar-battery-

farms-how-they-work-and-the-
risks)

BY CATHERINE WHEELER (ST. LAWRENCE VALLEY REPORTER)

(/NEWS/REPORTERS/276/CATHERINE-WHEELER)
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Photovoltaic battery storage system. (Photo: U.S. Department of Energy)

Sep 11, 2023 —

A solar battery fire in Jefferson County this summer raised concerns
(/news/story/48280/20230811/solar-battery-fire-in-jefferson-county-
raises-concerns-for-the-future) about existing and potential solar
projects across the North Country. There have been two other such
fires around New York State.

htips:/fwww.noerthcountrypublicradio.org/news/story/48403/...xpert-talks-solar-battery-farms-how-they-work-and-the-risks AM12j24, 9:37 AM
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Not all solar installations have batteries. Many in the North Country
are just solar panels that feed straight into the grid. But batteries can
increase solar’s usefulness on the power grid by saving energy to
release when the sun isn’t shining.

We wanted to learn more about how solar batteries work and what
communities need to know about the risks.

/ '
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(https://ncpr.secureallegiance.com/ncpr/WebModule/Donate.aspx?
P=ONETIME&PAGETYPE=PLG&CHECK=D93JPtObQWQgp6r8Skm
expert talks solar battery farms, how they work and the risks)

i3

( Donate Now
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—expert talks solar battery farms, how they work and therisks)—

-

a/17/24, 9:37 AM

https:ffwww.northcountrypublicradio.org/newsfstory/48403/.. . xpert-talks-sclar-battery-farms-how-they-work-and-the-risks
Page 3 of 17



Stories like this are important to our
community.

Support this news service for the North Country by making a
donation to NCPR. During our fundraiser we're saying “thank
you” for your donations with gifts like the “Always NCPR” mugs
and shirts.

(https://ncpr.secureallegiance.com/ncpr/WebModule/Donate.aspx?
P=ONETIME&PAGETYPE=PLG&CHECK=Dg3JPtObQWQgp6r8Skm
expert talks solar battery farms, how they work and the risks)

Catherine Wheeler reached out to an expert.

T T TR | T

Catherine Wheeler
An expert talks solar battery farms, how they work and the risks

Catherine Wheeler: Battery storage helps address the challenges of
solar generation. Cornell University mechanical engineering professor
Max Zhang says while solar is renewable energy, what'’s generated can

https:[fwww.northcountrypublicradio.orgfnews{story/48403]...xpert-talks-solar-hattery-farms-how-they-work-and-the-risks 4[17}24, 9:37 AM
Page 4 of 17



vary over the course of a day, season and even year to year. He says
that’s called variance. On top of that, there’s intermittence- the
unpredictable stuff, like cloud cover.

Max Zhang: For power system operators, their role is to balance supply
and demand. And if your supply, which means solar generation, is
variable and the intermittence it becomes very difficult to dispatch that
generation, right. And with the battery storage, you know, you can
basically make more variable generation into more predictable
generation by serving as a buffer.

Catherine Wheeler: Zhang says there are generally two types of places
for these solar batteries to live. One is at a solar farm where the energy
is produced. The other isn’t found in New York State often: dedicated
energy storage farms. He says there are three in the state, including one
in Franklin County that recently started operating. It’s New York’s first-
ever state-owned utility-scale energy storage facility.

Over the past couple of months, there have been a couple of incidents
with battery storage across the state. How common are these

accidents?

Max Zhang; First of all, I will say, it’s a manageable risk, in general. So,
the majority of the battery storage that we see is at least in lithium ion
batteries, right? They are generally safe. They are generally safe until
something happens, such as overheating, being damaged, or short-
circuiting or just manufacturing defects, right. So, those do not happen

0 Podcssfigilue Listen
(https:/

https:/fwww.northcountrypublicradio.org/news/story/48403/...xpert-talks-solar-battery-farms-how-they-work-and-the-risks af17{24, 9:37 AM
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very often. But in rare gecasions, it cap m fire and other damages.
It’s not common, right, but is definitely a risk. But I think it's a

manageable risk. P=ONETIME&PAGETYPE=PLG&

Catherine Wheeler: What are the health and safety concerns when
there is an incident like a fire at a lithium ion battery storage facility?

% Max Zhang: I think it’s very important for a community to decide when
hosting a solar farm with a battery or with dedicated battery facilities,
it’s very important to bring the emergency response, the fire
department, on board. Because, especially lithium ion batteries, once
the accident happens, they don't behave like the typical fire we've seen.
It can happen really quickly. And it's really hard to stop. It’s just not
like a normal fire. So that’s why it’s important to have the emergency
responder on board and, you know, have, you know, provide them with
sufficient training to prepare for the potential risk.

Catherine Wheeler: Zhang says when he’s weighing the pros and cons
of battery storage, he thinks about the widespread use of the batteries
and that different states have much larger battery operations.

Max Zhang: In other parts of the country, they are actually much larger,
much larger scale implantation of those batteries. For example, in
California, currently, they already have five gigawatts of dedicated
battery storage in the state. So, Texas has about 3 gigawatts. Right now,
New York, as I mentioned here, I think they about have totally, roughly
60 megawatts, so much smaller than what California and Texas have.
So I will say this is my personal view. Right. So, as more we use it, the
more we learn.

htips:ffwww.northcountrypublicradic.org/newsfstory/48403/...xpert-talks-solar-battery-farms-how-they-work-and-the-risks af17f24, 9:37 AM
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Zhang says researchers are working on ways to make lithium ion
batteries safer or find alternatives, like zinc-based batteries. He says
lithium ion batteries are energy dense, which means they can store
more energy at a smaller size. That’s what makes them great for so
many different applications, like cars and computers, which means
more people want to make and sell them, and they get cheaper to
produce.

Catherine Wheeler: So you think, especially when balancing like the
state and the country’s climate goals, you think that this is a good way
to help achieve those goals?

Max Zhang: In short answer, yes. So the longer answer is that this year,
we already see a variety of impacts from climate change, right. And
accelerating renewable generation to mitigate greenhouse gas
emissions, is really the option, I don't think we have any other option
to take at this point. You know, we have to take action fast. And there
are, you know, research and development efforts to make lithium ion
batteries safer, right. And also, there are other alternatives that are safer
than these batteries, right. So, I think the question is how, as a society,
we can incentivize the production of those safer choices, right? So,
think that’s back to an economic question.

Related Topics

solar power (/news/tags/solar-power). solar battery (/news/tags/solar-battery) .environment
(/news/pages/environmental-news) renewable energy (/news/tags/renewable-energy) -
economy (/fnews/pagesfeconomic-and-business)- health (fnews/pages/health)

https:/fwww.northeountrypublicradio.org/news/story/48403/...xpert-talks-solar-battery-farms-how-they-work-and-the-risks ai17]24, 9:37 AM
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New York battery storage

owners may face new safety
rules after fires

The fires did not lead to any reported injuries, or release
harmful levels of toxins, initial findings from an inter-

agency fire safety working group organized by Gov. Kathy
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Hochul concluded. xE T
o ol2®
Published Jan. 11, 2024 g
W e
= 5O
Kavya Balaraman o _,{:3
Freelance reporter a 28

A working group of New York agencies is preparing to issue recommendations
to bolster battery storage safety. Adeline Kon/Utility Dive

Dive Brief:

* Multiple fires that broke out at battery energy storage facilities
in New York last year did not lead to any reported injuries, or
release harmful levels of toxins, an analysis conducted by an

inter-agency fire safety working group organized by Gov. Kathy
Hochul, D, concluded in late December.

* The group is assessing battery system projects across the state,
as well as fire codes, and intends to release draft
recommendations to ensure building and fire codes are up to
par in the first quarter of 2024.

* The American Clean Power Association commended the Hochul

administration’s “thoughtful and proactive approach in their

https:waw.utilitydive.com,rnewslnew-york—batlery—slorage-ﬁre-safetyi?()azss[ a4f17/24, 9:56 AM
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thorough investigation of how New York can best promote
safety at electric grid infrastructure facilities,” spokesperson
Phil Sgro said in an email. “As national safety standards have
developed and continually improved, the instances of energy
storage fires have become increasingly rare. If they do happen,
incidents are properly managed, and any impacts are contained

within the facility’s secure site,” Sgro added.

Dive Insight:

Hochul announced the creation of the fire safety working group,
tasked with overseeing energy storage systems in the state in
August. The move came after multiple fires at battery storage
facilities, including four battery storage trailers that caught fire at a

Convergent Energy solar farm.

The group includes representatives from the Division of Homeland
Security and Emergency Services, Office of Fire Prevention and
Control, and New York State Energy Research and Development
Authority, among others. Over the past several months, it has been
working with project developers, equipment manufacturers and
other stakeholders to gather data about the fires.

Initial findings from the group indicate no reported injuries or
harmful levels of toxins attributable to the fires. Now, it is focused
on inspecting all battery systems above 300 kW that are operating
in the state, a process that is expected to finish in the second
quarter of 2024. Based on these inspections, the group will update
evaluation checklists and best practices to be used before
energizing these battery systems, and during emergency response

measures.

The group is also working with national laboratories and others on

assessing existing fire codes, with proposed changes expected early

hitps:ffwww.utilitydive.com/news/new-york-battery-storage-fire-safety/704286f 4117124, 9:56 AM
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this year.

The measurements and data obtained from these incidents are a
positive finding and consistent with air and ground monitoring
done at other post-incident monitoring, Matthew Paiss, technical
advisor at the Pacific Northwest National Laboratory, said in an

email.

“The take-away can be that electrical devices can fail, and when
they do, it is the safety certifications and testing that should offer

protections to limit the incident,” Paiss added.

The state should incorporate best practices and requirements
outlined in the National Fire Protection Association’s safety
standard for energy storage — called NFPA 855 — which provides
mandatory requirements for the design, installation,
commissioning, operation, maintenance, and decommissioning of

energy storage facilities, ACP’s Sgro said.

“Uniformity in adopting this standard across states and
jurisdictions will ensure that clear evidence-based rules guide
future development and operation of energy storage facilities,” he
added.

More broadly, Sgro said the energy storage industry’s leadership
on safety is resulting in safety incidents becoming increasingly
rare, even as it brings storage projects online at an exponential

rate.

“The energy storage industry uses a suite of well-established codes
and standards to ensure safety at facilities. Beyond seeking to meet
and exceed safety best practices, the energy storage companies
engage in extensive collaboration with fire departments and first
responders to ensure that, if a rare safety incident does occur, a

plan is in place to safely manage and resolve any incident,” he said.

https:waw.utiIitydive.cominews!new-york-baltery-storage-fire-safety[7042851 ajn7f24a, 9:56 AM
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In terms of how the industry can deploy lithium-ion batteries while
also keeping in mind safety concerns, designing energy storage
systems to the best practices as opposed to the minimum local
requirements is one way to ensure the safest system possible, Paiss

said.

“Another is to consider appropriate siting with adequate
separation that, should a failure occur, it remains within the unit of

origin,” he added.
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Solar farm fire in Upstate

New York sends possible
toxic smoke billowing into
surrounding community

July 27,2023 /10:52 PM EDT / CBS News
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New York Gov. Kathy Hochul issued an =

0S

advisory Thursday night due to

potentially toxic smoke billowing from a
battery fire at a solar farm burning near
the Canadian border.

X

yorts that the
—

¥Find Homes Near Top Schools

Tire broke out at about 1 p.m. Eastern
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time at a solar farm in the Jefferson
County town of Lyme, located on Lake
Ontario.

In a statement, Hochul said that the
"large battery fire" had "caused
significant damage and is emitting large
amounts of smoke that may pose health

1

Read More

First published on July 27, 2023 / 10:52 PM EDT

© 2023 CBS Interactive Inc. All Rights Reserved.
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Feb 2024: 'Liquid Aderal’ Is Now Legally Sold
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After three fires and a solar plant toxic fumes scare, New York
launches safety probe into battery energy storage

State governor sets up Fire Safety Working Group after residents told to stay at home in third recent incident at solar
farm

3 July 2023 11:34 GMT  UPDATED 31 July 2023 1312 GMT

By Cosmo Sandersap O

New York governor Kathy Hechul launched a special taskforce to investigate the safety of battery energy storage facilities after a third blaze
in the state this year left residents warned to stay indoors.

Hochul announced the creation of the Fire Safety Working Group and immediate inspections of storage sites in the state after a battery fire
at a solar farm sent potentially toxic smoke billowing across the area late last week.

The stay-at-home order was lifted some hours later after local authorities and emergency services - including a hazmat team — had
confirmed there was no indication of toxic chemicals either in the air or in groundwater.

ittps:/fwww.rechargenews.com/energy-transitionfatter-three. .ches-safety-probe-into-battery-encrgy-storagef2-1-1493418 411724, 9:47 AM
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Hochul on Friday was among those to urge local residents to "protect themselves and their families” from exposure to smoke or other
toxins following the “large battery fire” in Jefferson County, which borders Canada.

Hochul said the latest blaze followed others in Orange and Suffolk counties, prompting her to set up the
taskforce “to mobilise the personnel and resources necessary to keep New Yorkers safe”.

Video of the Jefferson County solar farm showed flames and smoke billowing from the facility, which
reportedly has four lithium battery storage trailers.

Article continues below the advert
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“Mechanical equipment which supports the operation of the solar project malfunctioned, causing a fire,” according to local officials.
The operator of the facility, Convergent Energy and Power, issued a statement quoted in local media apologising for the fire.

“When we install battery storage systems, we partner with reputable third-party manufacturers who provide the systems, including the
batteries that are inside them,” said Convergent. It continued that it was the manufacturers who “ensure that their products satisfy highest-
level safety standards” set by an independent agency, “including fire containment and fire suppression capabilities”.

Convergent has previously partnered with GE Renewable Energy to supply 100MWHh of battery capacity in California to support
renewable energy generation.

Fires at lithium-ion battery facilities have long been a spectre that has haunted the renewables industry. Last
year, a fire broke out at a Telsa battery unit in California. Another fire broke out at a 20MW battery facility
operated by Danish renewables giant Orsted in Liverpool, UK, in 2019. That same year, four US firefighters
were seriously injured by an explosion at a 216 MWh battery storage system in Arizona.
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Why new long-duration Battery fires are most commonly caused by thermal runaway, when a battery’s temperature increases,
energ ge leading to cell short-circuiting or disintegration. Thermal runaway can be caused by factors including

g g y .
technologies will scon mechanical damage, poor air conditioning and electrical issues such as overcharging.
replace lithium-ion on . N .
grid A new generation of zinc-ion batteries has been touted as a potential remedy to the deficiencies of their

Reagmare  lithium counterparts. Zinc batteries are fireproof as they do not require heating or cooling, while developers
have also claimed they will be cheaper and longer-lasting. (Copyright)

Storage Americas US solar New York
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ENVIRONMENT

Questions remain after Jefferson Co. solar farm battery fire

BY BRIAN DWYER | JEFFERSON COUNTY
PUBLISHED 1:27 PM ET AUG. 01, 2023

PXPEEOO®®

Susan Nichols lives one-tenth of a mile from a solar farm in the Jefferson

aj17{24, 9:45 AM
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County town of Lyme that saw its battery storage area catch fire Thursday.

it's been five days of wondering what’s in her air and in her water, and she’s
concerned.

“Basically [l fear] it's in our weli. Once it’s in our well, you’re not going to
get it out,” Nichols said.

What You Need To Know

¢ Thursday, the battery storage area of a solar farm in Jefferson County caught fire

¢ Officials say there's a lot to learn about battery fires such as this and hope this is a chance
for people to learn

e Gov. Kathy Hochul has called for a working group to be created specifically for this purpose

And while there were 24 hours or so of concern over air quality, officials

are no longer asking people to stay inside, or even wearing protection at
this point — however, they admit with air or especially, water, no one can
say anything with 100% certainty.

“We have no way of digging into the ground and answering that question,”
Jefferson County Fire and Emergency Management Deputy Director Niel
Rivenburgh said.

That answer, he says — like everything else involved with this fire — wil
come in time.

Spectrum News 1is told the storage area is no longer burning, but it is far
too hot at this point for anyone to approach the direct area or determine
any cause.

“We have all kinds of state officials here. It will be investigated at the
highest of levels," Town of Lyme Supervisor Terry Countryman said.

For now, crews will continue to watch the fire to ensure it doesn’t reignite
and secure the area, all while using the time to share information and help
all the nearby departments better understand what they can do in a similar
situation elsewhere.

“Not all of them have battery storage. Not all of them are built exactly alike,
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but there’'s been an incredible opportunity to learn from this incident,”
Rivenburgh added, while saying split-second decisions need to be made in
emergencies and the unknowns make that job incredibly difficult.

It's an opportunity New York State hopes will only grow as Gov. Kathy
Hochul has ordered a special task force to be established to collaborate
with first responders to better understand the safety aspects of these
energy farms.

“And there needs to be strong education on lithium and how it is used in
our communities across the board. It’s in your back pocket. It’s in your car.
It is everywhere. We need to learn how to fight it best and how we're going
to bring it in to our communities,” Countryman said.

Countryman says while he expects the investigation and environmental
testing to take time, he adds that Convergent, the company which operates
the storage facility, will be — with the help & guidance of the DEC — taking
care of all remediation.

Spectrum News 1is told once the heat in the immediate battery storage
area cools off, allowing investigators and testers to start working, fire
departments will be able to get back to normal — with only a few people
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U.S. solar expansion stalled by rural land-use protests =)
By Nichola Groom

e

A

April 7, 2022 7:45 AM EDT - Updated 2 years ago

%
33

g Wi 9 R
3%%33

340

25
g =m
o

https:l,-'www.reuters.comiworidlusfus-solar-expansion—skalled-by-rural-land “lse-protests-2022-04-07f

4{2324, 8148 PM
Page 1 of 21



[1732] Solar panels facing the sun are seen in the Spotsylvania Solar Energy Center, the largest solar project
east of the Rockies, in Locust Grove, Virginia, U.S. April 4, 2022. REUTERS/Kevin Lamarque < >
Purchase Licensing Rights [3

Summary Companies

o Utility-scale solar projects require far more land than comparable fossil-fuel plants
» Solar farms under attack as a blight on the small-town landscape

¢ Social media-fueled campaigns are blocking land-use permits

April 7 (Reuters) - The Solar Star project in California is among the largest solar energy facilities
in the world, boasting 1.7 million panels spread over 3,000 acres north of Los Angeles. lts
gargantuan scale points to an uncomfortable fact for the industry: a naturat gas power plant
100 miles south produces the same amount of energy on just 122 acres.

The dynamic encapsulates the industry’s biggest obstacle to growth: Solar farms require huge
amounts of land, and there's a fast-growing movement, fueled by politicized social-media

campaigns, to prevent solar developers from permitting new sites in rural America.

60 My View 2, Following [1 saved
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That's a major problem for the transition away from fossil fuels to combat climate change. Solar
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currently makes up 3% of U.S. electricity supply and could reach 45% by 2050 to meet the
Biden administration’s goals to eliminate or offset emissions by 2050, according to the
Department of Energy. To get there, the U.S. solar industry needs a land area twice the size of
Massachusetts, according to DOE. And not any land will do, either. It needs to be flat, dry,
sunny, and near transmission infrastructure that will transport its power to market,
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As solar developers propose new, often sprawling projects in places like Kansas, Maine, Texas,
Virginia and elsewhere, local governments and activist groups are seeking to block them and
often succeeding. They cite reasons ranging from aesthetics that would harm property values to
fears about health and safety, and loss of arable land, farm culture, or wildlife habitat.

“This is increasingly one of the top barriers that we're going to face,” said Steve Kalland,
executive director of the North Carolina Clean Energy Technology Center, a research center that
supports clean energy development nationwide. “If we can't get projects sited and deployed,
then we're going to have real problems on our hands.”
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Officials at the White House and the Department of Energy, who are pushing for a rapid
expansion of solar power, did not comment on the industry’s land-acquisition problems.

In most cases, the opposition to these projects is being organized on Facebook, where the
number of pages devoted to blocking solar development has exploded in recent years. The
pages air a mix of legitimate concerns, such as the loss of scenic vistas, tree removal, and soil
erosion, with misinformation about climate change and alleged health hazards from solar
electricity. The false claims include arguments that climate change is a hoax to groundless
assertions that solar farms leach the carcinogen cadmium into the soil and nearby waterways
when it rains, or that they rarely produce electricity.
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Reuters identified 45 groups or pages on Facebook dedicated to opposing large solar projects,
with names such as “No Solar in Our Backyards!" and “Stop Solar Farms.” Only nine existed
prior to 2020, and nearly half were created in 2021. The groups together boast nearly 20,000
members,

“For every single large-scale solar project, you're seeing very well-organized opposition on
social media,” said Matthew Sahd, a solar market analyst for energy research firm Wood
Mackenzie. “It's very impressive what these local communities are able to organize.”
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Beth Snider, of Virginia’s Page County Citizens for Responsible Solar, said she believes solar
developers are using the climate change issue to justify profit-making businesses that hurt the
environment in other ways.

“The solar companies don’t care about the environment - the farmland, and the rural
communities they will destroy to get these projects,” she said. “They are all about the money.”

Construction of the first large solar projects, including Sotar Star, completed in 2015, drew little
opposition. They were sited mostly in remote areas such as the California desert. Now, tensions
are rising as the sector plans bigger projects and reaches into more populated rural areas
unfamiliar with solar.

The industry is expanding rapidly with government and corporate backing, and seeking permits
or zoning revisions from county and town boards that oversee land use in residential

neighborhoods and farmiands. Often, they are in politicaily conservative regions where citizens
are less concerned about climate change and more supportive of fossil-fuel industries and jobs.

Their protests are persuasive. More than 1.7 gigawatts of proposed solar capacity was canceled
during the permitting stage in 2021, according to an analysis by Wood Mackenzie conducted for
Reuters. That's equivalent to a tenth of the 17 gigawatts of utility-scale solar capacity installed
in the United States last year. Wood Mackenzie did not track the data on permitting prior to
2021,

Those figures do not account for the potential projects that have been preempted by locally
imposed limitations or moratoria on solar applications. An analysis by Columbia Law School last
year found 103 tocalities nationwide that have adopted policies to btock or restrict renewable
energy development — a list the report said is not exhaustive.

The American Clean Power Association, an industry trade group, said in a statement that the
protests present a major challenge to the solar industry and threaten its role in addressing
climate damage.

“Community concerns have made it harder for some developers to scale solar projects at the
rate that science dictates that we need to,” said David Murray, ACP’s director of solar policy.

Site acquisition is at the top of the U.S. solar industry’s list of threats to growth. In a poll of 44
developers last year by clean energy marketplace LevelTen Energy, 52% said permitting
challenges were among the top three barriers to achieving the nation's solar energy goals and
nearly 20% calted out land availability. Other challenges included access to transmission lines
and supply-chain disruptions.
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“It's pretty obvious that, if there's a climate urgency, we're not behaving that way,” said Armond
Cohen, executive director of environmental group Clean Air Task Force. “There's this assumption
that there's so much solar and wind available at such low cost, it's obviously going to get built...
maybe it will, but something pretty serious is going to have to change.”

ONLINE OFFENSE

Carrie Brandon’s home sits near the proposed site for a 2,000-plus-acre solar farm that
renewable-energy behemoth NextEra (NEE.N) (% hopes to build at the border of Kansas’
Douglas and Johnson counties. When she heard about the planned 320-megawatt project,

Brandon leapt into action to stop it. She hired a consultant, sent petitions to neighbors and
produced a YouTube channel and Facebook site under the name Kansans for Responsible Solar.

“That’s not what we signed up for,” Brandon said, noting that she and her husband built their
dream home on 40 acres in Douglas County in 2018.

Brandon says she does not oppose green energy but believes solar projects belong in places
such as former industrial sites or on rooftops. She worries about her property vatue but said her
primary concern is the health and safety of people residing nearby. She said she worries that
herbicides on the site, used to prevent vegetation from growing on panels, could contaminate
ponds and groundwater. She also said solar panels raise the risk of fires and health problems
from exposure to electromagnetic fields.

“It's not about looking at it,” she said. “It's about the health impacts.”

Researchers have found no evidence to support increased fire risk or health concerns from solar
panels.

Brandon found an ally in Kansas State Senator Mike Thompson, a Republican who has been
criticized for spreading misinformation about the safety of COVID-19 vaccines and the science
behind climate change.

"Why are we investing in all of these renewable sources of energy? A lot of people will say it's
because we've got to combat climate change. And that is one of the biggest scams out there,"
Thompson, a former TV weatherman who chairs the Senate's utilities committee, said in a video
on one of Brandon’s sites.

Thompson did not respond to a request for comment.

Brandon says she considers some of the contributions on her group’s Facebook page extreme
but does not censor them. "I find opposing points of view to be stimulating conversation,” she
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said.

The impact of Brandon's group is being tested as Johnson County crafts zoning rules for large
solar facilities that could determine the fate of the NextEra project. Planning officials initially
drafted what would have been among the most restrictive rules for solar facilities in the nation -
limiting leasing terms to a maximum 20 years and capping acreage at 1,000 acres - but were
directed by a county board this week to reconsider their proposal next month.

NextEra's project is designed to last 30 years, and the company has already leased more than
2,000 acres of land.

A NextEra spokesperson did not comment on the opposition to its projects.

The Virginia solar protest group led by Beth Snider, in Page County, also uses Facebook to
organize against solar development. Their focus is a 500-acre project in Virginia's Shenandoah
Valley by Urban Grid, a unit of Canada’s Brookfield Renewable (BEPC.N) (3, one of the world's
top renewable energy asset owners. Snider, who lives near the proposed site, worries it will mar
the landscape.

Posts by her group’s more than 500 members include wide-ranging criticisms of all kinds of
renewable energy. One post included photos of solar panels in Arizona covered in snow and not
producing electricity. Another cited a post from the climate change skeptic blog NoTricksZone
saying that EV owners in Germany can barely afford to charge their vehicles because of surging
electricity prices there.

The group brought an overflow crowd earlier this year to a planning meeting. After 33 people
testified against the project - none in favor - the four-member panel voted unanimously to
recommend rejection of the project by the county Board of Supervisors, which has a year to take
up the application. Urban Grid would not comment on the project.

In central Texas, meanwhile, school district and county officials in at least four counties this year
have dealt blows to solar development by refusing the requests of developers for tax breaks
intended to ensure the projects are economical.

The projects would have generated millions in tax revenue over decades. Local officials,
however, were convinced by arguments made by local residents on Facebook and in public
meetings that the projects would undermine the region’s rural culture and create few jobs.

"They call themselves solar ‘farms,” which is irritating to me,"” Ron Pack, a landowner in Erath
County, Texas, said in an interview. "They give the indication that it's all bunny rabbits and
butterflies over there. And it's not. It's 2,400 acres of total destruction.”

https:/fwww.reuters,comjworidfusfus-salar-expansion-stalied-by-rural-land-use-protests-2022-04.-07f 4)23724, 8:48PM
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Pack, whose property is adjacent to where NextEra is planning a 225-megawatt solar plant,
worries about soil erosion under the panels polluting the water of the nearby Bosque River,

Solar developers must often clear land of trees and other vegetation before they install their
equipment to ensure the panels have unobstructed access to sunlight, which has in some cases
led to erosion during heavy rains.

NextEra did not respond to requests for comment. On the project website, the com pany says:
"No form of energy is free from environmental impact; however, solar energy has among the
lowest impacts as it emits no air or water pollution."”

NEW FRONT IN THE CULTURE WARS
The protests reflect declining support for renewables nationwide.,

A Pew Research Center poll this year showed 69% of U.S. adults favored developing alternatives
to fossil fuels, down from 79% two years ago. The drop came almost entirely from respondents
on the political right, with just 43% of Republicans or those who lean Republican saying they
support alternative energy development compared with 65% in 2020.

Joshua Fergen, a sociologist who has studied rural attitudes toward renewable energy
development, said solar power has transformed into a subject of the U.S. culture war - a
politically divisive issue along the lines of vaccine mandates, police reform or abortion.

“You can't divorce what you see on these anti-renewable Facebook groups from the larger
political context,” he said.

Residents of liberal-leaning areas, however, have also organized against large-scale solar
instaltations.

Alameda County, a San Francisco Bay area Democratic stronghold, for example, is considering
more restrictive solar policies after residents sued over the approval of a 100-megawatt project
in a rural valley over concerns about the visual and environmental impact.

UTILITIES SQUEEZED

Local pushback could delay plans by utilities to retire aging coat plants and replace them with
solar projects to appease climate-conscious investors and regulators.

The Northern Indiana Public Service Co (NIPSCO), for instance, plans to retire more than 2
gigawatts of coal and gas-fired generation by 2028, replacing it with wind and solar. But one of
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the solar projects it had planned to start operating this year, a 200-megawatt facility in Boone
County, was rejected last year by two separate local boards after residents organized against it,
decrying the loss of farmland and rural culture, as well as the impact on views and local
property values.

NIPSCO told Reuters that it continues trying to make the project work and remains confident
about its broader clean-energy transition plan.

The difficulty finding workable solar project sites has led devetopers to pump up their bids for
available land. Solar developers have been offering around $1,000 an acre for suitable tand
nationwide, far more than the $200 or so an acre landowners woultd get from a tenant farmer,
according to Nathan Fabrick, executive vice president of solar for National Land Realty, a real
estate brokerage that specializes in rural land.

“We get so many calls from landowners that are interested,” he said.

It's a harder sell to communities as a whole, which often see little economic upside to offset the

downsides of large installations, which often create only one or two full-time johs.

The solar industry in some places has worked to make projects more palatable to the public.
New Jersey, for instance, became a major market for solar despite the state’s dense
development, primarily by putting projects on landfills or other disturbed land. And Minnesota
has voluntary standards that encourage establishing pollinator-friendly vegetation at solar sites
to reduce environmental opposition. Such projects help dissuade local concerns about solar
farms, according to the DOE.

The Land & Liberty Coalition - a pro-solar group backed by donors associated with the political
left, such as the Rockefeller Brothers Fund and MacArthur Foundation - is also trying to improve
the solar industry’s chances by appealing to libertarian values. The coalition argues, for
instance, that private tandowners should be allowed to strike deals with developers without
obstruction.

“Nobody ought to tell you, within reason of course, what you can and can'’t do with your land,”
said Tyler Duvelius, a spokesperson for the coalition.

The group has set up satellite offices in several states where battles over solar are raging,
including Virginia, Indiana and Wisconsin, he said.

Landowners like Robert and Donna Knoche agree with the Land & Liberty Coalition’s
arguments. The couple has an agreement with NextEra for its Johnson County project in Kansas
to lease hundreds of acres that have been in the family for generations, and they are hoping
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their neighbors don’t ruin their opportunity to make some money from it.
“QOur six children, none of them are farmers,” Robert Knoche, 94, said in an interview. "They'd

probably get along better with NextEra than they would farming it.”

Get weekly news and analysis on the U.S. elections and how it matters to the world with the
newsletter On the Campaign Trail. Sign up here.

Reporting by Nichola Groom; editing by Richard Valdmanis and Brian Thevenot
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Help us protect agricultural-forestry zoned land

Citizens for
Responsible

10 reasons industrial-scale solar isn't

. . e
right for agriculturalrural areas 2 22
. £ oo
1. industrial-scale solar power = Gem
e Lo
plants should not be placed on land T oEz
already zoned for A-1 (agricultural) = e
and RA (rural area) use. 3: 5}:31
The local planning commission and boards of =1

supervisors should vote fo reject industrial-scale
solar power plants based on this reason alone.

2. The land (forest, farmland,

vegetation, soil) is forever destroyed.
Despite current discussions regarding
decommissioning, the reality is that this rural land
will be lost forever. Industrialscole solar projects
are typically for 30-40 years.

Consiruction of an industriakscale solar power
plant requires removal of trees, brush and root
balls prior to installation of the arrays, creating
an ecological wasteland. Grading, pile driving,
blasting, electric cable trenching and road
construction will compact the soil, likely delaying
agricultural use for years after the project’s end.

Stripping and compaction removes topsoil,
destroys healthy soil organisms and allows for
invasion of exotic plants that choke out native
species.

3. Solar projects should not be
placed near wetlands, rivers,
streams, tributaries to avoid
immediate damage to water quality,
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and possible contamination-
ecological disasters.

Uncontrolled runoff of water and topsoil is a well-
documented byproduct of industrial-scale solar
site development. This massive increase in
watershed sedimeniation impacts all downstream
rivers and estuaries. Water contaminalion doesn’t
stop with the end of construction. Removal of all
trees and deep-rooled plants, along with
inadequate stormwater controls lead to long-lerm
runoff and water contamination issues. local
municipalities usually do not have adequate
resources to monitor construction and stormwater
violations and, even when properly monitored,
site developers have no problem paying fines,
and there is no effective check on environmental
damage.

4. Solar power plants destroy

wildlife habitat.

Perimeter fencing, often 6-feet high and topped
with barbed wire, will restrict movement of
wildlife in the area. Removal of vegetation will
impact bird population and other wildlife.

5. Solar power plants threaten

preservation and should not destroy

historic sites.

Many rural areas are the last undeveloped sites
that contain prehistoric and historic
archaeological deposits. Industrial development
of these sites results in the irreversible loss of our
history. In the Virginia Piedmont, this includes
evidence of Native American settlements, early
American selflement, Revolutionary and Civil War
encampments and battlefields. Industrial
development of these sites results in the
irreversible loss of our history

6. A decline in eco and historical

tourism.

Destruction of rural landscapes and areas of
historic interest result in the decline in eco and
historicaltourism {or may prevent the development
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of these indusiries), reducing the prosperity of the
local community.

1. Solar power generation is very

inefficient when looking at the

amount of land “consumed.”

Solar power’s inefficiency argues for proper siting
on brownfields, industrial areas, and commercial
and residential rooftops - not on open or forested,
agricultural and rural land.

8. Undermining of local residents’
property values.

Based on recent studies, the expected reduction in
properly value ranged from 5-25% depending on

proximity.

9. The bill for decommissioning
projects will likely be passed on to

taxpayers.

Insufficient surety fund by the developer could
result in county responsibility for decommissioning
costs. Net Decommissioning costs can range from
$43,584/MW to $101,915/MW. No plan and
cost should ever be approved without a full
understanding of the cost to return the land 1o its
original condition, and the county should not be
responsible for this cost.

10. When the local community has
clearly expressed concern and
opposition.

Local planning commissions and boards of
supervisors should vote to reject industrial-scale
solar power plants when people in the community
oppose it. With time, greater awareness of solar
issues and accountability will take place.

Citizens for

Responsible

PLEASE CONTACT US HERE TO JOIN OUR
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EFFORT to protect agricultural-rural land from
industrial-scale solar development.

We are a grassroots group of concerned
citizens organized to promote responsible solar
and other forms of renewable energy.
Destruction of habitat on an industrial scale is
not green.

For our latest updates in your inbox fill in the
below.

First Name™*

last Name*

i

Email*
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Home

Video Hub

About Us

Culpeper's Story

Press Room

https:fwww.citizensforresponsiblesolar.org/i0-reasons 4/23[24, 8:45PM
Page 4 0f 5§



CITIZENS

Impacted Citizens

Page County

RESOURCES

Solar Toolkit for Citizens
Solar Ordinance

5 Things to Know About Solar
American Battlefield Repor!

Water- Ecological Concerns

Disclaimer: The information contained
on the Citizens for Responsible Solar
website is for general informational
and educational purposes. The
decision to use content on the
Citizens for Responsible Solar
website is the responsibility of the
reader. While Citizens for Responsible
Solar believes the information on its
website is accurate, we encourage
the reader to conduct their own
research, as much information is
subject to interpretation, and
information may be updated, as new
research, findings, materials, reports
and studies become publicly
available.

©2020 Citizens for Responsible Solar
| Brivacy Palicy | Terms of Use |
Citizens for Responsible Solar is a
201(c)(4) Non-Profit Headquartered in
Culpeper, Virginia
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The Dangers of Vehicle Exhaust

To put it simply, Carbon monoxide Kills! Working near exhaust fumes exposes you to poisonous carbon
monoxide (CO) gas, which is present in large amounts in vehicle exhaust fumes.

Overexposure to this odorless and colorless gas can cause death. Even mild exposure to CO can cause
headaches, dizziness, nausea and fatigue.

Diesel exhaust, the ubiquitous black smoke that can be seen streaming out of large trucks, has recently been
getting a lot of attention.

The Natural Resources Defense Council (NRDC) launched a Dump Dirty Diesels Campaign with the ad slogan
in 1996: "Standing behind this bus could be more dangerous than standing in front of it." After eight years of

research, the California air resources board (CARB) finally declared the soot, or particulate matter, from diesel
exhaust to be a cancer causing pollutant.

CARB also identified forty chemicals found in diesel exhaust as toxic air pollutants. The U.S. Environmental
Protection Agency (EPA) is currently conducting its own study of the he

They have already introduced new regulations reducing al im
buses. The new standards, however, will not be applied ul Pri\:a::y Z

Diesel exhaust can cause a number of health impacts, which are listed in Table 1. The exhaust contains some

known carcinogens and hazardous materials. Arsenic, benzene and nickel, are known carcinogens among
many other suspected carcinogenic components of diesel exhaust.

The exhaust contains 38 other components that are hazardous pollutants listed by the EPA. (compared to the

40 recently identified by the CARB) including suspected carcinogens benzo[a)pyrene, 1,3-butadiene, and
formaldehyde.

The exhaust itself is listed as a probable carcinogen by the EPA, NIOSH (National Institute for Occupational
Safety & Health), and |IARC (International Agency for Research on Cancer).

https:l!www.fumeavenl.comlvehEcle-exhaust-dnngers.html#:...se%zotissue,%ZC%ZOand%zcasthma%zn[ike%20responses. 4/18124, 9:15 AM
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Vehicle Exhaust Removal Systems

(/exhaust-hose/crushproof/FLT400.html)
Crushproof (/exhaust-hose/crushproof/FLT400.html)

(/orhead-systems/ rope-and-pulley/SDP-4C-0415-C.html)
Overhead (/overhead-systems/rope-and-puliey/SDP-4C-0415-C.html)

(fexhaust-hose-reels/spring-operated/HRS-3-0420.htm!)
Hose Reels (/fexhaust-hose-reels/spring-operated/HRS-3-0420.html)

There is plenty of evidence from studies with rats and mice that diesel exhaust is carcinogenic. However, it is
listed only as a "probable carcinogen" because the ubiquitous nature of diesel exhaust makes human
carcinogenicity extremely difficult to prove. Diesel exhaust is very strongly linked with lung cancer, especially

https:/jwww.fumeavent.com/vehicle-exhaust-dangers.himi#t: . se%20tissue,%2C%20and%20asthina%2Dlike%20responses. A4/18/24, 9:15 AM
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for people who are occupationally exposed. Higher incidences of bladder cancer from occupational exposure
to diesel exhaust have also been suggested but are still not proven. In addition to concerns over cancer, diesel
exhaust has also been identified as a mutagen. Biochemical changes are induced or intensified in cells by
mutagens, radiation being a famous example.

Table 1: Possible Health Effects of Diesel Exhaust

Type [Effects
Non-cancerousRespiratory ailments, Asthma, Headache, Runny eyes & nose, and Nausea

Carcinogenic (Increased risk of lung cancer
Mutagenic Increased rate of mutations

The EPA and Harvard School of Public Health as well as other experts in public health estimate that
particulates in the air are responsible for at least 60,000 premature deaths in the U.S. each year [1].

Researchers believe majority of the health risk from diesel exhaust is caused by PM, which can carry many
harmful organics and metals.

The PM averages 0.1 to 0.25 microns (1 x 10 -6 meters), with 75 percent of particles less than 1 micron. This
is a size range easily inhaled, resulting in possible lung cancer or non-cancerous lung damage.

The particulate matter also, like other forms of air pollution, has the greatest impact on children, asthmatics,
and the elderly.

Non-cancer toxicity from chronic exposure to diesel exhaust causes such respiratory ailments as airway
restrictions, reduced pulmonary function, and immunological and allergenic reactions. This is much like the
effect of smoking cigarettes, however, the inhalation of diesel exhaust is involuntary.

Acute exposure can cause tissue irritation and permanent respiratory damage. Exposure and sickness from
diesel exhaust is usually hard to pinpoint, since affected people can exhibit cold-like symptoms of headache,
runny eyes and nose, nausea, and asthma-like responses.

Exposure usually occurs directly through breathing exhaust, though particles can deposit on skin as well.
Once inside the body, the pollutants are absorbed through tissue to the bloodstream and eventually are
excreted as other toxins in the body are.

In addition to the health effects discussed above, most of the pollutants from diesel exhaust are regulated by
federal air standards called NAAQS (National Ambient Air Quality Standards).

The standards were set up by the 1970 Clean Air Act to protect public health and welfare. Today, NAAQS put
limits on the concentration in the air of CO, NO2, SO2, PM, Hydrocarbons excluding methane, Ozone, and
lead.

When areas, such as Houston-Galveston for example, exceed these concentrations of air pollutants, they are
said to be non-attainment areas and the state must create a plan (SIP -state implementation plan) to reduce
pollutant concentrations below the NAAQS.

Air emissions of diesel exhaust are more than just another air pollution issue. Diesel exhaust can deposit onto
water, soil, and vegetation, contaminating anything it comes into contact with. It contributes to global warming
because it contains the greenhouse gases methane and carbon dioxide and fine carbonaceous PM.

https:l,’www.fumeavent.com.rvehicie-exhaust—dangers.html#:...se%zotissue,%ZC%ZOand%ZOaSthma%ZDEike%ZOresponses. 4/18f24, 9:15 AM
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Diesel exhaust also contributes to acid deposition because it contains nitric and sulfuric acids and other
substances which can be transformed to acidic PM in the atmosphere.

The NOx portion of dieset emissions also contributes to ozone (O3) formation and eutrophication of coastal
waters (spurring algae to bloom to such an extent that the algae blocks sunlight from aquatic life beneath the
surface).

The contribution of NOx to the formation of ozone is significant in the Houston-Galveston area because it is a
non-attainment area for ozone air poilution standards.

Ozone in the troposphere (caused by pollution}, as opposed to stratospheric ozone (the good ozone) has been
known to exacerbate asthmatics and increase hospital admissions on high ozone concentration days.

Exhaust emissions come from mobile sources, stationary area sources (oil & gas production and industrial),
and stationary point sources including industrial, etectric utilities, and commercial-institutional sources.

From mobile sources, heavy duty engines emit 60 percent of NOx, 17 percent of hydrocarbons, and close to
90 percent of total particulate emissions [3].

The following Figures 1 -3 show the sources of NOx, VOCs, and CO in the Houston-Galveston area in 1993.
From these figures, it is apparent that mobiles sources in this area contribute to a significant amount of the
total NOx and CO pollution, 31 and 57 percent respectively.

Though diesel emissions in Texas have not been studied extensively, California has analyzed its own diesel
exhaust problem extensively.

In 1990, approximately 3.3 billion gallons of diesel fue! were burned in internal combustion engines in
California, producing almost 58,000 tons of highly respirable diesel exhaust.

Motor vehicles emit ~ 70% of diesel exhaust particular matter (PM) in California in 1990. A study in Vienna,
Austria showed that diesel exhaust comprised 12 - 33 % of total PM in the air.

Knowing this, one can easily ponder whether it’s safer to stand in front of a truck or behind it. Diesel exhaust is
a serious threat to public health.

[1) NRDC's Dump Dirty Diesels Campaign: The Facts on Fumes in New York City, 5/96.

[2] Williams, Paul T., G. E.. Andrews, and Keith D. Bartle, 1987, The Role of Lubricating Qil in Diesel Particulate and Particulate PAH Emissicns, Society of
Automotive Engineers, Inc.

[3] Regulators, Engine Makers Agree on Plan to Begin Reducing Diesel Emissions in 2004, Environment Reporter, 1995, p. 565.

[4] Volkswagen, 1389, Unregulated Motor Vehicle Exhaust Gas components, Volkswagen AG, Research and Development {Physico-Chemical Metrology},
Project Coordinator: Dr. K.-H. Lies, 3180 Wolfsburg 1, F. R. Germany.

Components of diesel exhaust.

Also known as diesel fumes, diesel exhaust is a complex mixture of gases and diesel particulate matter (DPM).
Components include

e carbon monoxide

e carbon dioxide

¢ sulphur dioxide

e pitrogen oxides

» aldehydes including benzene and formaldehyde

e hydrocarbons

s polycyclic aromatic hydrocarbons (PAHS)

hitps:fifwww.fumeavent.com/vehicle-exhaust-dangers.htmi#:.. se%20tissue,%2C%20and%20asthma%2Dlike%20responses, 4/18/24, 9:15 AM
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e soot {carbon)

The major component of diesel exhaust is soot (60%-80%). This is what you see coming out of the exhaust
pipe.

Most of the DPM, also known as fine particulate matter, consists of particles so tiny they are easily inhaled
and deposited in the lower lungs where they cause various health effects.

Effects of Diesel Exhaust.

The small particles in diesel exhaust are readily inhaled and deposited deep into the lung tissue. These
particles may cause damage to lung tissue. Pre-existing diseases, such as emphysema, asthma, or heart
disease, can be aggravated by diesel exhaust.

Some short-term (or acute) health effects are:
» lrritation of the eyes, nose, & throat
¢ Vomiting
s Light-headedness
+ Headache
* Heartburn
» Numbness
* Tightness in the chest
* Tingling in the extremities
* Wheezing

In addition to these immediate problems, diesel exhaust can cause chronic health problems. The National
Institute for Occupational Safety and Health (NIOSH) considers diesel exhaust a potential human carcinogen
(cancer-causing substance). It may take many years after the first exposure for diesel-related cancer and other
health impacts to develop.

NIOSH Fire Fighter Fatality Project

In fiscal year 1998, President Clinton and Congress recognized the need to address the continuing national
problem of fire fighter fatalities, and funded NIOSH to undertake National Fire Fighter Fatality Investigation
Project.

Briefly, the overall goal of this program is to better define the magnitude and characteristics of work-related
deaths and severe injuries among fire fighters, to develop recommendations for the prevention of these
injuries and deaths, and to implement and disseminate prevention efforts. A five-part integrated pltan, centered
on the field investigation of fire fighter fatalities, is outlined below.

Cardiovascular Disease Fatality Investigations

Cardiovascular disease (CVD) has been a significant cause of work-related death among fire fighters for many
years. This NIOSH activity includes a multi-factorial assessment of personal, physiological, psychological and
organizational factors associated with CVD deaths among fire fighters while on duty. Other factors are
considered such as measurement of carbon monoxide and assessment of other exposures and body burdens

I1tlps:ﬂwww.fumeavent.com,fvehicle—exhaust-dangers.hlmm:...se%20tissue,%2C%20and%20asthmn%zolike%ZOresponses. 4118424, 9:15 AM
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at various types of fires. http://www.cdc.gov/niosh/fire/

1. NFPA 1500 states "the carcinogenic effect of diesel exhaust is present even if the particulates (soot) are
filtered out of the exhaust (www.nfpa.org)

2. Even low doses of carbon monoxide contained in diesel exhaust will double the risk of heart attacks in
humans of a given age category (Windsor Occupational and Health Council)

3. When nitrogen dioxide attaches itself to carbon particles of diesel exhaust, it is able to travel deep into
the lung, where they collect along the bronchial-alveolar network and thereby damage the lungs
defense mechanisms. This is particularly serious for a fire fighter who may already have some
respiratory iliness. (Windsor Occupational and Health Council PDF)

4. An International Personnel Protection, Inc. study concludes: “diesel exhaust can penetrate into and
absorb onto clothing, furniture, and other items which fire fighters routinely get in contact with, where it
can later absorb into a fire fighters skin" {international personnel Protection, Inc report PDF)

A. Source Capture - Capture at the source is the only feasible method to eliminate all diesel exhaust from the
firehouse or garage. (www.NFPA . org)
¢ The capture 'at source' of airborne particles before they can spread throughout the local environment is
the most efficient method of achieving a safe and healthy working environment.
* By minimizing air removal and movement there is a reduction in investment in air handling equipment
and immediate savings can be made in energy consumption - reducing costs — increasing profits.

B. Ventilation

if an alternative energy source is not feasible, there are still ways to reduce worker exposure. Diesel exhaust in
enclosed areas (such as idling, fueling, maintenance and cieaning areas) can be controlled using both local
exhaust ventilation and general ventilation.

Local exhaust ventilation is the most effective ventilation system. It removes diesel exhaust before it gets into
the air workers breathe. Tailpipe or stack exhaust hoses should be attached to a vehicle running indoors and
exhausted to a place, such as the roof, where it will not re-enter the facility.

General ventilation involves using roof vents, opening doors and windows, roof fans, floor fans, or other
mechanical systems to move air through the work area. General ventilation is not as effective as local exhaust
ventilation.

C. Isolate the Worker from the Exhaust

As many workers as possible should be relocated away from areas containing diesel exhaust. This will prevent
needless exposure for workers not directly involved in operating or maintaining diesel-powered vehicles.
Operator exposure to diesel exhaust should be controlled by closing the cab windows when vehicles are
running. Air conditioned cabs are critical to providing this safeqguard year round.

While diesel gases can seep into vehicle cabs when the windows are closed, this will limit contact with the
particulate matter found in diesel exhaust.

Vehicle Exhaust Solutions

https:flwww.fumeavent.comfvehicle-exhaust-dangers. htmif#: . se%20tissue,352C%20and % 20asthma%2Dlike% 2 0responses. 4/18/24, 915 AM
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Researchers looked at sale prices of 1.8 million homes near utility-scale solar plants.
DAN GEARING, INSIDE CLIMATE NEWS - 3/15/2023, 12:02 PM
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Do solar farms lower property values? A new study has some answers

Enlarge / A tield of solar panels and windmills in the desert.
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A new study finds that houses within a half-mile of a utility-scale solar farm have resale prices that are, on average, 1.5 percent less than houses that are just a little farther
The research [rum Lawrence Berkeley National ¢

drop in values,

4
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aboratery helps to refute some of the assertions of solar opponents who stoke resistance (o projects with talk of huge
drops in property values, But it also drives a hole through the argument made by people in the solar industry who say there 1s no clear connection between solar and a
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The authors analyzed 1.8 million home sales near solar farms in six states and found diminished property values in Minnesota (4 percent), North Carolina (5.8 percent),
and New Jersey (5.6 percent). The three other states—California, Connecticut, and Massachusetts—had price changes that were within their margins of error, which
means the price effects were too close to zere to be meaningful. The paper was published in the journal Energy Policy.

The authors accounted for differences in property features, inflation, and other factors in order to Isolate the effect of proximity to solar,

Ben Hoen, 3 co-author and research scientist at the Lawrence Berkeley lab, said the numbers are clear but additional research is needed to understand what's happening
on the local level to lead to these price effects.

“We have a sense of the ‘what,’ but we don't know the ‘why,” he said.

Al U arment
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Solar's Effect on Home Resale Prices

A new study looked at resale values of houses near utility-scale solar
lants and found the properties closest to a solar project sell for slightly
ess than properties that are a little farther away. The research covered
six states, only three of which (Minnesota, North Carolina and New
Jersey) showed pricing effects outside of the study's margin of error.

HOME RESALE VALUES
Price difference between half-mile and 2-to-4 mile proximity of utility-scale solar plant
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Paul Horn/inside Climare News.

NOTE: Data is gathered from 1.8 million home resale transactions between 2003-2020.

Endarge / Data from Lawrence Berkeley National Laboratory.

For example, he doesn't have a thorough explanation for why the price differences are higher in some states than others,

The researchers chose this group of states because they were, except for Connecticut, the top five in the country for the number of solar installations of at least 1
megawatt as of 2019. They included Connecticut because it is an example of a state with a high population density near solar projects,

Hoen emphasized that the results show a period in time, with transactions that occurred from 2003 to 2020, and may not reflect prices right now.

Als0, he noted that the paper’s analysis doesn't take into account any of the financial benefits of solar for landewners and communities, which may include payments
from the developer and a decrease in loca) taxes.

The study is being released at a time of rapid expansion in the number and size of sclar projects, which is a key part of the country’s push to reduce the emissions that
contribute to climate change.

The scale of growth in solar development has been met with an intensifying resistance in local communities where some people argue that the projects are ugly and pose
a threat to property values and human health. Solar opponents amplify these concerns on social media,

Of all the arguments against solar, the idea that it will hurt property values has been among the most potent, based on prior reporting by Inside Climate News about the
local debates. At public hearings and in comments filed with regulators, some residents talk about how they fear reductions of 40 percent or more.

This story originally appeared on Inside Cliniore Mews,
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Town of Farmington, NY
Friday, May 3, 20;‘44

Chapter 165. Zoning ‘;:; 2=
= 2P0

Article IV. District Regulations o J,%
= R

§ 165-15. Application. ® 3

The regulations set by this chapter within each district shall be minimum regulations and shall apply
uniformly to each class or kind of structure or land, and particularly, except as hereinafter provided:

A.

No building, structure or land shall hereafter be used or occupied and no building or structure or
part thereof shall hereafter be erected, constructed, reconstructed, moved or structurally altered
except in conformity with all the regulations herein specified for the district in which it is located.

No building or other structure shall hereafter be erected or altered to exceed the height, to
accommodate or house a greater number of families, to occupy a greater percentage of lot area or
to have narrower or smaller yards or other open spaces than herein required or in any other
manner confrary to the provisions of this chapter.

No part of a yard or other open space or off-street parking or loading space required about or in
connection with any building for the purpose of complying with this chapter shall be included as part
of a yard, open space or off-street parking or loading space similarly required for any other building,
except as provided in § 165-37.

No yard or lot existing at the time of enactment of this chapter shall be reduced in dimension or
area below the minimum requirements set forth herein. Yards or lots created after the effective date
of this chapter shall meet at least the minimum requirements established by this chapter.

§ 165-16. Multiple principal uses.

{Added 12-12-2000 by L.L. No. 1-2000]
Muitiple principal uses shall be permitted in one or more buildings located on any approved lot in the
NB, GB, LI and GI Districts.

§ 165-17. District regulations.

District regulations shall be as in §§ 165-18 through 165-34.

§ 165-18. A-80 Agriculture District (80,000 square feet lot size).

[Amended 7-27-1981 by L.L. No. 4-1981; 7-28-1992 by L.L. No. 4-1992; 5-25-1993 by L.L. No. 2-1993)

A

Intent. The intent in creating Agricultural Districts is to protect predominantly agricultural areas from
suburban and urban development, encourage the continuation of agriculture, reduce land use
conflicts and preserve open space and natural resources.



Intent. The intent in creating Residential Two-Family Districts is to provide for a variety in dwelling
unit and structure types to accommodate the needs of Town residents.

Permitted principal uses:

(1) Two-family detached dwellings.

(2) Principal uses permitted in the R-1-15 District.
Permitted accessory uses:

(1} Accessory uses permitted in the R-1-15 District.

(2) Public donation bins, subject to the provisions of § 165-65.2B of this chapter.
[Added 12-22-2009 by L.L. No. 6-2009]

Special permit uses:
[Added 5-25-2010 by L.L. No. 4-2010]

(1) Special permit uses allowed in the RS-25 District, except for on-site-use wind energy systems
which shall not be a specially permitted use in this district.

(2) Rooming and lodging houses.

§ 165-25. RMF Residential Multiple-Family District.

A

Intent. The intent in creating Residential Multiple-Family Districts is the same as that specified for
R-2 Districts in § 165-24 of this chapter.

Permitted principal uses:

(1) Multiple-family dwellings, subject to provisions contained in § 165-79 of this chapter.
(2) Two-family detached dwellings.

(3) Principal uses permitted in the R-1-15 District.

Permitted accessory uses:

(1) Accessory uses permitted in the R-1-15 District.

(2) Public donation bins, subject to the provisions of § 165-65.2B of this chapter.
[Added 12-22-2009 by L.L. No. 6-2009]

Special permit uses:

(1) Major home occupations.
[Amended 12-22-2009 by L.L. No. 6-2009]

(2) Public buildings.

(3) Essential services and structures, excluding power plants, maintenance yards, storage yards
and personal wireless telecommunications facilities.
[Amended 4-22-1997 by L.L. No. 3-1997]

(4) Cemeteries.
(5) Rooming and fodging houses.

(6) Mobile home parks.

§ 165-26. RB Restricted Business District.



A. Intent. The intent in creating Restricted Business Districts is to provide areas for the location of
professional and administrative offices, service uses and related activities in a setting which is
attractive and convenient for public use while establishing employment opportunities and
_broadening the tax base. This district is intended to act as a buffer between residential areas and
more intensively used business and industrial districts.

B. Permitted principal uses.
[Amended 3-24-1987 by L.L. No. 1-1987; 8-9-1988 by L.L. No. 8-1988]

(M

(2)

{3)
(4)
(5)

(6)

(")
(8)
9

(1)

(2)

)
(4)
(5)

(6)
(7)

Business, professional and executive offices, including but not limited to offices for attorneys,
architects, engineers, surveyors and accountants, real estate and insurance agents and
salespersons, but not including retail sales, manufacturing or servicing of merchandise of any
kind on the premises.

Uses for the treatment and care of human beings, including but not limited to medical and
dental offices and clinics for physicians, osteopaths, dentists, chiropractors, chiropodists,
podiatrists, opticians, optometrists and ophthalmologists, all excluding any overnight
occupancy or overnight care.

Banks and lending institutions.
Employment agencies.

Artists of performing arts studio, photography studio, excluding the sale or rental of
photographic supplies or equipment.

Public or private membership clubs, lodges or fraternal organizations, neighborhood or
community centers, YMCA or YWCA.

Barbershops, beauty shops, hair salons and other personal service shops or uses.
Public buildings and grounds.

Similar uses to those listed above, which do not involve retail sales or services, may be
permitted subject to special use permit approval by the Town Planning Board and a finding by
the Board that such use is of the same general character as those permitted in this district and
that such use, if permitted, will not cause adverse impacts or be detrimental to other uses
within the district or to adjoining land uses.

Permitted accessory uses:

Banks are permitied to have drive-in tellers if at least 10 reservoir spaces are provided for each
drive-in teller's window.

A restaurant, newsstand, pharmacy or accessory storage area incidental to a permitted
principal use, but only when conducted and entered from within the building, and provided that
no exterior display or advertising, other than permitted signage, is made of such use.
[Amended 3-24-1987 by L.L. No. 1-1987; 8-9-1988 by L.L. No. 8-1988}

Off-street parking and loading areas, subject to the provisions of § 165-37 of this chapter.
Signs, subject to the provisions of § 165-38 of this chapter.

Residential uses within a structure in combination with other permitted uses, provided that
such residential uses are accessory to the business conducted and are located elsewhere than
on the street frontage of the ground floor and have a minimum area as required under § 165-
79F.

Fences, subject to the provisions of § 165-61 of this chapter.

Swimming pools, subject further to the provisions of § 165-62 of this chapter.
[Added 12-12-2000 by L.L. No. 1-2000]



E.

(12) Fast-food and drive-in restaurants.
[Amended 3-24-1987 by L.L. No. 1-1987; 8-9-1988 by L.L. No. 1-1988]

(13) Commercial greenhouse or plant nursery or similar commercial agricultural uses.
[Added 3-24-1987 by L.L. No. 1-1987; amended 8-3-1988 by L.L. No. 8-1988)

(14) Rentals of automobiles, trucks, trailers or other vehicles.
[Added 3-24-1987 by L.L. No. 1-1987; amended 8-9-1988 by L.L. No. 8-1988]

(15) Mini-warehouse structures, subject further to the provisions of § 165-84.1 of this chapter.
[Added 3-24-1987 by L.L. No. 1-1987; amended 8-9-1988 by L.L. No. 8-1988; 12-20-2005 by
L.L. No. 4-2005]

(16) Shopping plazas and shopping malls.
[Added 3-24-1987 by L.L. No. 1-1987; amended 8-9-1988 by L.L. No. 8-1988)

(17) Essential services and structures, excluding power plants, maintenance yards, storage yards
and including personal wireless telecommunications facilities.
[Added 4-22-1997 by L.L. No. 3-1997]

(18) On-site-use wind energy systems.
[Added 5-25-2010 by L.L. No. 4-2010}

(19) Large-scale ground-mounted solar PV systems.
[Added 1-25-2022 by L.L. No. 2-2022]

Additional provisions and requirements. The additional provisions and requirements applicable in
RB Restricted Business Districts, § 165-26E, shall apply in GB General Business Districts.
[Amended 3-24-1987 by L.L. No. 1-1987; 8-9-1988 by L.L. No. 8-1988; 8-11-1998 by L.L. No. 4-
1998]

§ 165-29. LI Limited Industrial District.

A

C.

Intent. The intent in creating Limited Industrial Districts is to provide areas where light industrial
uses may locate, said areas being suited for this purpose due to location, availability of utilities,
proximity to transportation facilities and relationship to other land uses, as well as to provide job
opportunities and expand the local tax base. This district specifically excludes residences other
than a residence of a caretaker of a horse stable for not less than 10 horses to be kept on the
premises, on the theory that the mixture of other residential uses and public services and facilities
for residences with those for industry is contrary to the purposes of this chapter.

[Amended 6-10-1986 by L.L. No. 4-1986]

Permitted principal uses:

(1) Warehouses for enclosed storage of goods and materials, distribution centers, wholesale
businesses, excluding the bulk storage of fuel and other flammable liquids or gases.

(2) Research and development faboratories.

(3) Administrative, banking, professional or executive offices.
(4) Essential services, excluding power plants.

(5) Agriculturai operations.

(6) Stables.

(7) Health care facility.
[Added 2-26-2013 by L.L. No. 2-2013)

Permitted accessory uses:



(1

(2)

(3)
(4)
(5)
(6)

Banks are permitted to have drive-in tellers if at least 10 reservoir spaces are provided for each
drive-in teller's window.

A restaurant, newsstand, barbershop, hairdresser or other incidental personal service in
connection with a permitted use, but only when conducted and entered from within the
building, provided that no exterior display or advertising shall be made of such use.

Off-street parking and loading areas, subject to the provisions of § 165-37 of this chapter.
Signs, subject to the provisions of § 165-38 of this chapter.
Fences, subject to the provisions of § 165-61 of this chapter.

Public donation bins, subject to the provisions of § 165-65.2B of this chapter.
[Added 12-22-2009 by L.L. No. 6-2009]

Special permit uses:

(1)
(2)
(3)
(4)
()

(6)

(8)

(9)

Restaurants, including fast-food and drive-in.
Airports.
Hotels and motels.

Motor vehicle service stations.

Public buildings and grounds.™

[1] Editor's Note: Former Subsection D(6), Truck terminals, which followed this subsection, was
repealed 2-26-2013 by L.L. No. 2-2013, which local law also renumbered forrer Subsections
D(7) through D(13) as D{6) through D(12).

Assembly and fabrication operations, provided that such uses are conducted entirely in an
enclosed building and will not produce smoke, noise, vibration, glare, dust or any other similar
emission which may be detectable beyond the property limits of such operations.

[Amended 6-10-1986 by L.L. No. 4-1986)

A residence for a caretaker of a horse stable for not fewer than 10 horses to be kept on the
premises.
[Added 6-10-1986 by L.L. No. 4-1986]

Essential services and structures, excluding power plants, maintenance yards, storage yards
and including personal wireless telecommunications facilities.
[Added 4-22-1997 by L.L. No. 3-1997]

Outdoor storage of materials used in conjunction with a permitted use occurring on the
premises as further regulated under § 165-83 of this chapter.
[Added 12-12-2000 by L.L. No. 1-2000]

(10) Excavation operations as further regulated under § 165-71 of this chapter.

[Added 12-12-2000 by L.L. No. 1-2000]

(11) Mini-warehouse structures, subject further to the provisions of § 165-84.1 of this chapter.

[Added 12-20-2005 by L.L. No. 4-2005]

(12) On-site-use wind energy systems.

[Added 5-25-2010 by L.L. No. 4-2010]

(13) Large-scale ground-mounted solar PV systems.

[Added 1-25-2022 by L.L. No. 2-2022]

(14) Agricultural/construction equipment repairs and painting operations.

[Added 3-22-2022 by L.L. No. 3-2022]



E. Additional provisions and requirements.
[Amended 12-12-2000 by L.L. No. 1-2000)

(1)
2

(3)
(4)
(5

(6)

(7)

Additional provisions and requirements applicable in RB Districts shall apply in LI Districts.

No industrial structure shall be permitted within 100 feet of the nearest boundary line of any
residential district.

All utilities serving industries in this district shall be placed underground.
Residential uses are prohibited.

All processes shall take place within an enclosed building. Incidental storage out-of-doors shall
be shielded from view from public streets and adjacent off-street parking areas by fencing,
landscaping or other appropriate measures.

Any vibration, odor, glare, heat or noises resulting from operations shall not be evident beyond
the property line.

Operations shall not result in the dissemination of smoke, dust, chemicals or odors into the air
to such a degree as to be detrimental to the health, welfare and safety of the residents of the
surrounding areas.

§ 165-30. Gl General Industrial District.

A

Intent. The intent in creating General Industrial Districts is to provide areas for industrial uses which
will provide employment opportunities and expand the local tax base. Said areas are considered
suitable for this purpose because of their location, availability of utilities, proximity to transportation
facilities and relationship to other land uses.

Permitted principal uses:

)
()

(3)
{4)
()

Principal uses permitted in the LI District.

Production and assembly operations, provided that such uses are conducted entirely within an
enclosed building and will not produce smoke, noise, vibration, glare, dust or any other similar
emission which may be detectable beyond the property limits of such operation.

Agricultural operations.
Stables.

Contractors' storage yards.

Permitted accessory uses:

M
(2)

Accessory uses permitted in the LI District are permitted accessory uses in the G| District.

Public donation bins, subject to the provisions of § 165-65.2B of this chapter.
[Added 12-22-2009 by L.L. No. 6-2009]

Special permit uses:

(1)
(2)
(3)
(4)

Restaurants, including drive-in and fast-food.
Airports.
Hotels and motels.

Motor vehicle repair stations and/or motor vehicle service stations.
[Amended 12-12-2000 by L.L. No. 1-2000]
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Executive Summary

Li-ion batteries are dominant in large, grid-scale, Battery Energy Storage Systems (BESS) of
several MWh and upwards in capacity. Several proposals for large-scale solar photovoltaic (PV)
“energy farms” are current, incorporating very large capacity BESS. These “mega-scale” BESS
have capacities many times the Hornsdale Power Reserve in S. Australia (193 MWh), which was
the largest BESS in the world at its installation in 2017.

Despite storing electrochemical energy of many hundreds of tons of TNT equivalent, and several
times the energy released in the August 2020 Beirut explosion, these BESS are regarded as
“articles” by the Health and Safety Executive {HSE), in defiance of the Control of Major Accident
Hazards Regulations {COMAH} 2015, intended to safeguard public health, property and the
environment. The HSE currently makes no representations on BESS to Planning Examinations.

Li-ion batteries can fail by “thermal runaway” where overheating in a single faulty cell can
propagate to neighbours with energy releases popularly known as “battery fires”. These are not
strictly “fires” at all, requiring no oxygen to propagate. They are uncontrollable except by
extravagant water cooling. They evolve toxic gases such as Hydrogen Fluoride {HF) and highly
inflammable gases including Hydrogen (Hz), Methane {CHa), Ethylene {CzH4} and Carbon
Monoxide (CO). These in turn may cause further explosions or fires upon ignition. The chemical
energy then released can be up to 20 times the stored electrochemical energy. Acute Toxic
gases and Inflammable Gases are “dangerous substances” controlled by COMAH 2015.
Quantities present “if controf of the process is lost” determine the applicability of COMAH.

Woe believe that the approach of the HSE is scientifically mistaken and legally incorrect.

“Battery fires” in grid scale BESS have occurred in South Korea, Belgium {2017}, Arizona (2019)
and in urban Liverpool (Sept 2020). The reports into the Arizona explosion [8, 9] are revelatory,
and essential reading for accident planning. A report into the Liverpool “fire” though promised
for New Year 2021, has not yet been released by Merseyside Fire and Rescue Service or the
operator @rsted; it is vital for public safety that it be published very soon.

No existing engineering standards address thermal runaway adequately, or require measures
(such as those already used in EV batteries) to pre-empt propagation of runaway events.

Lacking oversight by the HSE, the entire responsibility for major accident planning currently lies
with local Fire and Rescue Services. Current plans may be inadequate in respect of water
supplies, or for protection of the local public against toxic plumes.

The scale of Li-ion BESS energy storage envisioned at “mega scale” energy farms is
unprecedented and requires urgent review. The explosion potential and the lack of engineering
standards to prevent thermal runaway may put control of “battery fires” beyond the
knowledge, experience and capabilities of local Fire and Rescue Services. BESS present special
hazards to fire-fighters; four sustained life-limiting injuries in the Arizona incident.

We identify the well-established hazards of large-scale Li-ion BESS and review authoritative
accounts and analyses of BESS incidents. An internet video [10] is essential initial instruction.

We review engineering standards relating to Li-ion BESS and concur with other authorities that
these are inadequate to prevent the known hazard of “thermal runaway”. We conclude that
large-scale BESS should be COMAH establishments and regulated appropriately. We respectfully
request evidence from the HSE that “mega-scale” BESS are not within the scope of COMAH.

We seek the considered response of relevant Government Departments as well as senior fire
safety professionals to these concerns.
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1. introduction

June 5,2021

Lithium-ion (Li-ion) batteries are currently the battery of choice in the ‘electrification’ of our
transport, energy storage, mobile telephones, mobility scooters etc. Working as designed, their
operation is uneventful, but there are growing concerns about the use of Lithium-ion batteries in
large scale applications, especially as Battery Energy Storage Systems (BESS) linked to renewable
energy projects and grid energy storage. These concerns arise from the simple consideration that
large quantities of energy are being stored, which if released uncontrollably in fault situations could

cause major damage to health, life, property and the environment.

Table 1. Comparison of some recent “battery fires” since 2014,
Note: this is not a comprehensive list of all Li-ion BESS battery “fires.”

Location Size “Battery fire” cause Time to Water Comments
bring under needed
control for cooling
Houston, 0.1 Driverless vehicle crash 4 hours 30,000 (US) | Tesla Model §
Texas, April MWh gallons
2021
South Korea Various; | Not known to Korean various Not known | 522 out of 1450
21fires | Ministry of Trade Industry £S5 facilities in
during and Energy Korea suspended
2018-19 (KoreaTimes 2
May 2019)
Drogenbos, 1 MWh | Not known. “rapidly Not known | Occurred during
Belgium. 2017 extinguished” commissioning of
system by ENGIE
McMicken 2MWh | Thermal runawayina 2 hours from Explosion as H;
Facility single rack out of 27 that | firstreport to and CO mixed
Arizona, USA. were in the cabin — hence | “deflagration” with air and
2019 74 kWh electrochemical ignited. Critically
energy released — less injured 4 fire-
than the Tesla Model § fighters. Extensive
crash. forensic report.
Carnegie Rd, 20 Not known 11 hours Full report [1}
Liverpool, UK, | MWh delayed 4 months;
2020 still unpublished.

Even battery electric vehicle (BEV) batteries store energy sufficient for “fires” that have taken
hours to control. A Tesla Model S crashed In Texas on the weekend of 17-18 Apri! 2021 igniting a
BEV battery fire that took 4 hours to control with water quantities variously reported [2] as 23,000
{US) gallons or 30,000 gallons {87 -115 m?). Yet the energy storage capacity in even the latest Tesla
Model § vehicles is only 100 kWh. This is 1/20 the size of the BESS in Arizona [3] which failed in
2019, and 1/200 the size of the BESS in Liverpool {4] which caught fire [5] in September 2020, and
1/7000 the capacity of the Cleve Hill Solar Farm and Battery Store [6] approved in May 2020.

The past decade has seen a number of serious incidents in grid-scale BESS, which are
summarised in Table 1. Despite these incidents, and our growing understanding of these, these
large scale Li-ion BESS are not currently regarded by HSE as regulated under the COMAH
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Regulations 2015. The legal basis for this attitude is unclear — simple calculations summarised in this
paper argue that they should be — and the issue may yet be challenged in judicial review.

The reason the COMAH regulations should apply is the scale of evolution of toxic or
inflammable gases that will arise in BESS “fires”. in the Drogenbos incident (2017, Table 1), the
inhabitants of Drogenbos and surrounding towns were asked to keep all windows and doors shut;
50 emergency calls were made from people with irritation of the throat and airways!. A chemical
cloud which “initially had been enormous”, was charted by helicopter. The Belgian Fire Services
could not control what was described as “the chemical reaction” and filled the cabin with water.
Fears of an explosion with 20 metre flames kept people confined for an hour. Although the initial
visible flames were controlled quickly, cooling continued over the next 36 hours.

Figure 1: Remains of
the Tesla Model S
crash and fire, 17 Apr
2021, after 4 hours
and 30,000 gallons.
Battery capacity 100
kWh,

Deyoorless Tesla crnsh kills two 0 Toeas

Figure 2: Remains of a

M Korean BESS destroyed
# by a “battery fire”. An
gl energy storage system
was destroyed at the
Asia Cement plant in
Jecheon, North
Chungcheong Province,
on Dec. 17. Courtesy of
North Chungcheong
Province Fire Service
Headquarters {Korea
Times 2 May 2019)

! Tom Vierendeels (2017) “Explosiegevaar by brand in Drogenbos geweken : 50-tal oproepen van mensen die zich
onwel voelen door rook.” Het Laatste Nieuws, 11 November 2017
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Figure 3: “Battery Fire” at Drogenbos, Belgium 11 Nov 2017. Taken at the start of the incident and
1S minutes later (eye-witness footage). 1 MWh facility; fire occurred during commissioning.
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R Figure 5: The 20
MWh BESS at
Carnegie Rd,
Liverpool.
Courtesy @rsted.

i

il%'ll ANE K

Figure 6: The fire at Carnegie Road, 15 Sep
2020. Liverpool Echo report, which took 11
hours to control.
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The incidents recorded in Table 1 are all in relatively small BESS or a single BEV. Yet “mega-
scale” BESS are now planned on a very farge scale in many current proposals in the UK, listed in
Table 2 and illustrated in the subsequent Figures,

And no engineering standards are currently applied to pre-empt future accidents in grid-scale
BESS, the most critical of which would be design features aimed at preventing the phenomenon of
“thermal runaway”, the process whereby failure in single cell causes over-heating and then
propagates to neighbouring cells so long as a temperature (which can be as low as 150 °C} is
maintained.

BEV batteries do now include thermal barriers or liquid cooling channels between all cells to
safeguard against this phenomenon, but no such engineering standards exist for grid-scale BESS. A
large BESS can pass all existing engineering design and fire safety test codes and still fail in thermal
runaway — by now a well-known failure mode. This must be urgently addressed.

The consequences of major BESS accidents could be significant and emergency services need
adequate plans in place to handle any such incident.

Table 2. “Mega” scale solar plant and/or Li-ion BESS in Australia and the UK*

Project Location Status Solar PV Battery Battery Battery
Scheme Size Stores type capacity
Hornsdale | S. Australia Operational Not directly | Single site Li-ion 193 MWh
Power associated
Reserve
Cleve Hill Kent Permission | 350 MW; land | Single site Li-ion 700 MWh
Solar + granted coverage 890
Battery {2020) acres
Store
Sunnica Cambridgeshire/ | Pending 500 MW; land | 31.5haof land | Li-ion Undeclared.
Solar + Suffolk submission coverage over 3 Estimate
Battery approx. 2792 | compounds [7] 1500 -
Store(2} acres of 5.2, 10.7 and 3000 MWh
15.6 ha

Longfield Essex Pending 500 MW; land | Stated as 3.7 Li-ion Undeciared.
Solar + statutory coverage acres: number Estimate:
Battery consultation | approx. 1400 | of sites TBD 150 MWh
Store acres

* Li-ion technology has been assumed in all these proposals as Li-ion battery electrochemistry is
dominant in grid-scale BESS applications (deployment at this scale is unlikely to involve
technologies with lesser experience). Estimated values for Battery Capacity for the Sunnica are
calculated based on the McMicken facility in Arizona (Appendix 1) and the Cleve Hili DCO. For the
Longfield site it is estimated from Energy Institute guidance on energy density [25] at about 100
MWh ha!. The exact specification for the battery units has not been disclosed by the developers at
this present time.
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Figure 7: The Hornsdale Power
Reserve (South Australia) in the
process of expansion from 100
MW/129 MWh to 150 MW/193.5
MWh, as of November 2017,

Figure 8: a “typical” BESS
compound (abstracted from
Sunnica PEIR, Ch 3}

Plate 3-10. Typical battery storage compound configuration (image reproduced
courtesy of Fluenco Energy).

Figure 9: Artists impression
of Tesla 250 MWh
"Megapack”.

Sunnica may have 3 xthis
capacity in just one of its
three BESS compounds.
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2. Leading Concerns
The main concerns regarding large scale Li-ion BESS are:

1) The potential for failure in a single cell {out of many thousands) to propagate to neighbouring
cells by the process known as “thermal runaway”. Believed to be initiated by lithium metal
dendrites growing internally to the cell, a cell may simply discharge internally releasing its
stored energy as heat. Even sound Li-ion cells will spontaneously discharge internally if heated
to temperatures which can be as low as 150 °C, releasing their stored electrical energy, thus
overheating neighbouring cells and so on. Temperatures sufficient to melt aluminium {660 “C) at
least have been inferred from analyses of such thermal runaway accidents. Eye-witness reports
consistently speak of repeated “re-ignition” which is inevitable, even in the complete absence of
oxygen, so long as the temperature anywhere exceeds the thermal runaway initiation threshold.

2) The emission of highly toxic gases — principally Hydrogen Fluoride — for prolonged periods, in
the event of thermal runaway or other battery fires. At a minimum, respirators and complete
skin protection would be required by any fire-fighters. Measures to protect the public from toxic
plumes would also be necessary.

3) The emission of large quantities of highly inflammable gases such as Hydrogen, Methane,
Ethylene and Carbon Monoxide even if a fire suppression system is deployed. These gases will
be evolved from a thermal runaway accident regardless of such measures, with explosion
potential as soon as they are mixed with air and in contact with hot surfaces. Such an explosion
was the cause of the “deflagration event” at McMicken, Arizona in 2019 in a 2 MWh BESS,
which critically injured four fire-fighters and was triggered simply by opening the cabin door.

4) The absence of any adequate engineering and regulatory standards to prevent or mitigate the
consequences of “thermal runaway” accidents in Li-ion BESS.

5) The potential for thermal runaway in one cabin propagating to a neighbouring cabin. In Arizona
[3] there were reports of “fires with 10-15 feet flame lengths that grew into 50 - 75 feet flame
lengths appearing to be fed by flammable liquids coming from the cabinets”.

6) The significant volumes of water required to thoroughly cool the system in the event of a “fire”,
and how this water will be contained and disposed of (since this will be contaminated with
highly corrosive hydrofluoric acid and, therefore, must not be allowed to drain into the
surrounding environment).

Such incidents are routinely and repeatedly described in the Press as “battery fires” though they
are not “fires” at all in the usual sense of the word; oxygen is completely uninvolved. They
represent an electrochemical discharge between chemical components that are self-reactive. They
do not require air or oxygen at all to proceed.

Hence the traditional “fire triangle” of “Heat, Oxygen, Fuel” simply does not apply, and
conventional fire-fighting strategies are likely to fail (Figure 10, over).

Thermal runaway events are uncontrollable except by cooling all parts of the structure affected
- even the deepest internal parts — below 150 “C. This basically requires water, in large volumes.
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Figure 11 The fire triangle and its relationship to thermal runaway

Figure 10: The traditional “fire triangle” does not apply to “thermal runaway”.

3. Thermal Runaway (Battery “fires”)

Li-ion batteries are sensitive to mechanical damage and electrical surges, both in over-charging
and discharging. Most of this can however be safeguarded by an appropriate Battery Management
System (BMS) and mechanical damage (unless deliberate and malicious) should not be a hazard.
Internal cell failures can arise from manufacturing defects or natural changes in electrodes over
time; these must be regarded as unavoidable in principle. Subsequent escalation inte major
incidents can propagate from such apparently trivial initiation.

In July 2020 a thorough failure analysis by Dr Davion Hill of DNV GL [8] was prepared for the
Arizona Public Service (APS), following the April 2019 thermal runaway and explosion incident in
the 2 MWh Li-ion BESS facility at McMicken, Arizona. This report is revelatory and more detailed
than any other failure analysis known to us. it is essential reading for any professional involved in
fire safety planning for major BESS. (Figures 11 to 13).

Figure 11: Cells
stack into
Modules;
Modules into
Racks; Racks into
Strings; Strings
into Systems.

Figurel2:
Propagation of
single Cell
failure through

Singhe cell fadure Cascadryy through Cascading to Congumplipn of .
modute nesghbour modules ratite rack Module,

Figure 25 A single cell failure propagated through Medule 2, then consumed the whole rack, cascade to
releasing a large plume of explosive gases. This process could have occurred without visible entire Rack.
flame, which would explain why the gases werea not burned as they were emitted.
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A report by Underwriters Laboratories (UL) on the same incident [9] is less technical on the
physics and engineering of the underlying causes and failure modes, but more comprehensive in
terms of practical situations and consequences found, and suffered, by the “first-responders”. Two
fire-fighters suffered life-limiting brain injuries, one suffered spinal damage and fourth facial
lacerations. This report is similarly essential reading for any fire and emergency response planning.

Figure 13: Destruction of Rack at McMicken.

Detail: molten aluminium pools (exceeded 660 °C)

Fopure A | Peengrpd tiham darerg decommaseacssag of e B3 sy o ool i srlafited
st fraeh ool e nw i Paomd o Mk 18]

Forensic analysis [8] of the 2019 Arizona “fire”
identified a failure mode different from mechanical
abuse or electrical mis-management. The initiating
failure was localised to a single cell at a known
position in the rack. Although the cell itself was of
course destroyed during the incident, the failure
mode is believed to have been lithium metal deposition and abnormal growth of lithium metal
dendrites. These phenomena were also found in randomly selected undamaged cells from the
same BESS and also from a different BESS of the same manufacture elsewhere. These phenomena
must be regarded as common, and inherent to the cells themselves.

Rack 17 Rack 15  Rack 13

The lithium metal deposits will react with air moisture, causing overheating and smoke. Battery
swelling, electrolyte degradation, and internal short circuits are all possible modes of failure with
internal discharge and generation of locally intense heat.

Because of the known thermal breakdown of even non-faulty cells, above a threshold
temperature (which can be as low as 150 °C}, the loss of even a single individual cell can rapidly
cascade to surrounding cells, resulting in a larger scale “fire.” This is “thermal runaway” in which
failures propagate from cell to cell within “modules” and from module to module within a “rack”.

This is what happened at McMicken [8], with temperatures sufficient to melt Aluminium {660
°C) being reached. Such “fires” can be extremely dangerous to fire fighters and other first
responders because, in addition to the immediate fire and explosion risks, they would have to deal
with toxic gases (principally hydrogen fluoride HF, also hydrogen cyanide HCN and other fluorine
compounds such as phosphoryl fluoride POF3) and exposure to other hazardous materials.

Rack to rack propagation fortunately did not happen at McMicken, though an explosion did [8].
A local conventional fire involving the plastics materials or gases evolved from them could have
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initiated rack-to-rack propagation; the only essential factor would have been sufficient heat to
trigger thermal breakdown in just one cell in a neighbouring rack. Li-ion cels have been observed to
eject molten metal during thermal runaway, another possible mode of propagation over distance.
Propagation through a subsequent rack would then occur by exactly the same thermal runaway
mechanisms, and potentially beyond between neighbouring cabins in large-scale BESS.

Thermal runaway is illustrated in dramatic fashion with tiny commercial Li-ion cells in a useful
internet video [10] (Figure 14)}. The commercial cells involved in this demonstration have tiny
capacities: a mere 2.6 Ah or about 10 Wh for typical terminal voltages.

A Tesla Model S would have the capacity of about 10,000 such cells.
A 20 MWh BESS has the capacity of about 2 million such cells.

In the video, the cell is deliberately over-heated on a small electric stove. The fully charged cell
goes into thermal breakdown, eventually rupturing the can. The cell flies off as a rocket and
seconds later is discharged but red hot and will burn anything combustible. Although not
illustrated, it is evidently hot enough to produce the same thermal breakdown in an adjacent cell
within a battery.

This illustrates the damage done to a non-faulty cell, simply by overheating externally.

Figure 14: (a) A
charged 2.6 Ah cell
being deliberately
overheated. (b) at
the point of rupture
{c) the cell takes off
as a rocket {d)
seconds later the
discharge is
complete, and the
cellis red hot.
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4. Toxic and flammable gas emissions

During a Li-ion “battery fire,” multiple toxic gases including Hydrogen Fluoride {HF) [11],
Hydrogen Cyanide {(HCN) [13] and Phosphoryl Fluoride (POF3) [11] may be evolved. The most
important is Hydrogen Fluoride (HF), which may be evolved in quantities {11] up to 200 mg per Wh
of energy storage capacity.

HF is toxic in ppm quantities and forms a notoriously corrosive acid {Hydrofluoric Acid) in
contact with water. Itis toxic or lethal by inhalation, ingestion and by skin contact. The ERPG-2
concentration {1 hour exposure causing irreversible health effects) given by Public Health England is
just 20 ppm; the workplace STEL (15 minute Short-Term Exposure Limit) is just 3 ppm [12]. Major
emissions of HF would form highly toxic plumes that could easily threaten nearby population
centres, workplaces and schoals.

Appendix 3 contains calculations of projected toxic gas quantities for 3 grid-scale battery stores
that have been approved or are pending review by the Planning Inspectorate (Table 2).

The calculated capacities at the “mega-scale” sites listed in Table 2 are tens, or even hundreds,
of times larger than the facilities in Table 1, which experienced significant fires or explosions.

In addition to evolution of toxic gases, even in an inert atmosphere {without Oxygen), multiple
flammable gases (such as Hydrogen H,, Carbon Monoxide CO, Methane CHa, and Ethylene CHq4)
would be evolved during thermal runaway. These are “typical of plastics fires” [8] and have been
measured in sealed vessel tests [13]. As noted by Hill/DNV [8] and others [13], the proportions of
Hz, CO, CH4 and CzHado not in fact vary greatly between different cell technologies, simply because
the chemical nature of the envelope polymers, separators, electrolyte sclvents and electrolytes
themselves do not differ greatly. The variations between Li-ion technologies are in the electrode
systems, which are typically not polymeric.

Such inflammables can clearly create (ordinary, air-fuel) fires or explosions once mixed with
airfoxygen. It is important to note that the Heats of Combustion of the inflammables may be up to
15— 20 x the rated electrical energy storage capacity of the BESS. This has been demonstrated by
the same tests which determined the quantities of HF evolved [11). These were fire tests, not
sealed vessel tests [13]. The stored electrical energy is therefore by no means a conservative
estimate of the total energy release which could be released in a major (air-fuel) fire in a BESS,
irrespective of whether the initiating cause was a conventional fire or Li-ion cell thermal runaway.

Appendix 2 estimates the inflammables potentially evolved from the BESS given in Table 2.
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S. Total Energy Release Potential

Any large energy storage system has the risk that energy released in malfunction will be
uncontrollable in ways that will do major damage. BESS can release electrochemical energy in the
form of thermal runaway or “battery fires”. In addition they can release chemical energy in the
form of explosions or conventional fires of inflammable gases, or of polymer components. Many
thermal runaway “fires” have now happened, as has explosion of evolved inflammable gases.

An important indicator of the foreseeable scale of a “worst credible hazard” is provided by the
total stored energy in the system. For BESS, this comprises two components:

(i) The stored electrical energy which might be released in the event of thermal runaway incidents,
a self-reactive electrochemical energy release not requiring oxygen at all, and

(ii) Stored chemical (fuel) energy which might be released in complete combustion of the
inflammable gases which might be released by (i).

Electrochemical energy release is uncontrollable once started, by any measure except cooling —
of all cells and cell parts — below about 150°C. Water is the only fire-fighting substance with the
necessary heat capacity. Concurrent conventional fire would first heat cells above the thermal
runaway temperature, causing more thermal runaway. Chemical energy release from inflammable
gases is also uncontrollable once those gases are mixed with air and ignited: explosions result.

What might be the scale of such energy releases? The Sunnica proposal is estimated to have a
stored energy between 1.5 — 3.0 GWh in total, spread across 3 separate sites called Sunnica East A,
Sunnica East B and Sunnica West A (see calculations in Appendix 1). It is between 2 — 4 times the
capacity projected for Cleve Hill (700 MWHh). It is 8 = 15 times the capacity {193 MWh] of the
“Hornsdale Power Reserve” in Australia, at installation {2017) the world’s largest.

Compared to other energy storage technologies, the Dinorwig Pumped Storage Scheme in
Snowdonia stores about 9 GWh [14]; the Sunnica BESS corresponds to 17 — 33 % of Dinorwig.

Compared to major explosions, the energy released in the Beirut warehouse explosion of
August 2020 has been estimated [15] by Sheffield University at about 0.5 kilotons of TNT (best
estimate) with a credible upper limit of 1.12 kilotons. A totally independent estimate [16] (based on
seismic propagation instead of eye-witness footage) gives the same range, without specifying a
“best” estimate. The popular measure of major explosions in “kilotons of TNT” has an agreed
definition? of 1.162 GWh of released energy; in this paper we shall take “one Beirut” to be an
explosive energy of 0.5 kilotons of TNT or about 580 MWh of released energy.

The projected BESS storage at Sunnica corresponds to 1.4 — 2.7 kilotons of TNT in total, across
all three sites. In the “low” case, this would be “0.92 Beiruts” at the Sunnica West A site alone, or
“2.7 Beiruts” over the whole scheme. In the “high” case “2.7 Beiruts” could be stored in the Sunnica
East B site alone. Note that these are stored electrochemical energy only; the potential for
conventional fire or explosion of evolved inflammables could be up to 20 x larger [11]. See Table 3,
Appendix 1.

This is plainly a quantity of stored energy which, if released uncontrollably, could do major
damage. Explosions and fires at individual BESS are matters of record. They can propagate from
failure in a single cell out of many thousands. Cell-to-cell and module-to-module propagation
occurred at McMicken, Rack-to-rack propagation was avoided, but could readily occur if continuous

2 See e.g. Wikipedia.
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fires start. Cabin-to-cabin propagation of a major BESS “battery fire” would be the critical link that
would escalate major but manageable fires into catastrophes.

Yet this propagation route remains unanalysed. Significantly, Commissioner Sandra D Kennedy of
the Arizona State Commission [3] reviewed reports on the 2019 McMicken battery fire and also a
2012 battery fire at the APS Eldon substation facility in Flagstaff, AZ. She quotes the Flagstaff fire
department report on the latter incident as referencing :

“Fires with 10-15 feet flame lengths that grew into 50 - 75 feet flame lengths appearing to be
fed by flammable liquids coming from the cabinets”.

Finally, in the context of BESS, “Stranded Energy” will remain a hazard at any affected BESS
cabins even assuming an initial incident is controlled. The accident investigation at McMicken
required nearly 3 months, simply to discharge “stranded energy” safely [8].

“Mega-scale” Li-ion BESS should, in all prudence, require the highest level of regulation. The
COMAH regulations are designed for this, including establishments where dangerous substances
may be generated “if control of the process is lost” [17] in a thermal runaway accident.
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6. Applicability of the COMAH {Control of Major Accident Hazard) Regulations 2015

The governing criteria for application of the COMAH Regulations [17] are:

1. The presence of hazardous materials, or their generation, “if control of the process is lost.”
2. The quantity of such hazardous materials present or that could be potentially generated.

There is no doubt that hazardous substances such Hydrogen Fluoride (an Acute Toxic controlled
by COMAH) would be generated in a BESS accident (i.e., in “battery fires”). Similarly highly
Inflammable Gases (also controlled by COMAH) would be evolved even if the atmosphere remained
oxygen-free. Depending on the size of the “establishment” these could be produced in sufficient
guantities to be in the scope of COMAH. In Appendix 2 we estimate quantities guided by the
literature, where fire tests have directly measured evolution of the hazardous gases,

For small capacity BESS installations, under 25 MWh capacity, the quantities {“inventory”) of the
evolved hazardous substances might be outside COMAH. This paper however addresses the recent
trend towards “mega-scale” Li-ion BESS (Table 2) with very large quantities of stored energy, where
the inventory should be large enough to bring the installation within scope.

Broadly speaking, the threshold for applicability of COMAH will be dependent on the precise
BESS technology chosen, but likely to be for BESS in the region of 20 - 50 MWh. See Appendix 2.

A letter to the HSE regarding applicability of COMAM to large-scale BESS {dated 25 Nov 2020
[18]) received no reply until follow-up letters were sent addressed personally to the Chief Executive
on 7 February 2021, with the intervention of Mrs Lucy Frazer MP. The reply from the Chief
Executive [19] dated 22 February 2021 stated that “Li-ion batteries are considered articles and are
not in scope of COMAH".

We believe the current attitude of the HSE — that even large-scale Li-ion BESS are “articles” best
regulated by operators — is not consistent with the law.

Unless tested in the Courts however, this throws the entire responsibility for ensuring the safety
of major BESS “battery fires” onto the Fire and Rescue Services. Currently the HSE makes no
representation to the Planning Inspectorate in respect of BESS hazards.
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7. Engineering standards for BESS

As with any hazard, the basic principles of Prevention and Mitigation must be applied to minimise
the risk to life, property and the environment. A major contribution of the Hill/DNV report [8] is a
review of current engineering and fire protection standards. This did not concern planning, siting
and electrical standards, but simply addresses the question: which standards, if any, offer
Prevention or Mitigation of the phenomenon of thermal runaway? The answer appears to be none.

“Thermal runaway” is an electrochemical reaction, well-known in Li-ion BESS, that is largely
uncontrollable once started. Since failures in single cells {among many thousands) can be sufficient
to initiate thermal runaway, the only known Prevention measure is that adopted by the BEV
industry, viz. thermal isolation of neighbouring cells, so that if failure occurs in any one cell,
insulation or water cooling prevents easy thermal spread to neighbouring cells. Various design
strategies have been adopted in BEV Li-ion batteries, usually involving some form of thermal
barrier.

However these are not widely used in grid-scale Li-ion BESS. Current practice is the assembly of
stacks of cells, typically “pouch” cells which are externally flat polymer bags, that are stacked side
by side in low profile modules with no thermal isolation. This is not the construction adopted in
current generation BEV batteries; BEV practice (with thermal isolation) extended to grid-scale BESS
would obviously increase costs and complexity considerably.

The engineering standards reviewed by Hill/DNV [8] included NFPA 855, UL 1973 and UL
9540/9540A. UL 9540A is a US standard that is widely used in grid-scale BESS engineering, is
routinely recommended by insurance and risk consultants [20] and was appealed to by the
developer of the Cleve Hill solar farm {Table 2). The problem is that UL9540A is fundamentally a
test procedure. It mandates no design features. It requires absolutely nothing that would prevent
thermal runaway in any BESS design. This means that an operator can say truthfully that a given
BESS is “fully compliant” with UL9540A, yet this would provide no assurances at all regarding
thermal runaway prevention. It is therefore wholly insufficient as a safeguard to either the
operator, the public, or to emergency services.

NFPA 855 [21], uniquely, requires evaluation of thermal runaway in a single module, array or
unit and recognises the need for thermal runaway protection. However, it assigns that role, with
complete futility, to the Battery Management System {BMS). Thermal runaway is an
electrochemical reaction which once started cannot be stopped electrically. It is uncontrollable by
electronics or switchgear. A BMS can locate faults, report and trigger alarms, but it cannot stop
thermal runaway.

The Hill/DNV report [8] highlights the many shortcomings of existing standards, see Appendix 4.
The basic issue is simple:
(1) Thermal Runaway has very few means of Mitigation once started.
(2) Itis therefore essential to address Prevention as a priority.
{3} No current engineering or industry standards require the Prevention of thermal runaway
events by thermal isolation barriers.

Nothing in existing standards prevents runaway incidents happening again, requiring for initiation
only single-cell failures from known common defects in cell manufacture.
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8. Fire Safety Planning for BESS “fires”

Taking the recent Sunnica BESS proposal as an example, a joint statutory consultation response
has been submitted by the four Local Authorities concerned. The Local Authorities in this case are
Cambridgeshire and Suffolk County Councils, and West Suffolk and East Cambridgeshire District
Councils. This joint consultation response [22] included a section on Battery Safety {pp 74-75) and
states as follows:

Suffolk Fire and Rescue Service {SFRS) will work and engage with the developer as this project develops to
ensure it complies with the statutory responsibilities that we enforce.

Sunnica should produce a risk reduction strategy as the responsible person for the scheme as stated in
the Regulatory Reform (Fire Safety) Order 2005. it is expected that safety measures and risk mitigation is
developed in collaboration with services across both counties.

The response also later states: As with all new and emerging practices within UK industry, the SFRS
would like to work with the developers to better understand any risks that may be posed and
develop strategies and procedures to mitigate these risks.

It is clear that local Fire and Rescue Services have been given the lead responsibility for
independent emergency planning, in concert with the developers. Because of the attitude of the
HSE refusing to exercise regulatory control over BESS safety, local Fire and Rescue Services become
the sole independent public body able to influence BESS safety issues at the planning stage.

Many detailed recommendations have been made by the Local Authorities in the case of
Sunnica. It is unclear how much opportunity or input Suffolk FRS has had in these. However the
recommendations offered betray some serious misunderstandings and a complete lack of
awareness of the lessons and recommendations made in publicly available documents such as the
Hill/DNV report [8] into the McMicken explosion.

These are taken point by point in Appendix 4 but some general points are made here.

1. Thermal runaway cannot be controlled like a regular (air-fuel) fire. The only way to mitigate “re-
ignition” (a regular report of eye-witnesses) is by thorough cooling. Water is the only fire-fighting
material with the necessary thermal capacity. Sprinkler systems, though with good records in
conventional building fires, are likely to be completely inadequate. The purpose of the water is
absorbing a colossal release of energy. The Hill/DNV report [8] called for so-called “dry pipe”
systems allowing first responders to connect very large water sources to the interior without having
to access the interior.

It is critical to appreciate that all parts of the battery system must be cooled down. Playing
water on a battery “fire” may cool the surface, but so long as Li-ion cells deep inside the battery
remain above about 150°C, "re-ignition” events will continue, It is not sufficient to estimate water
requirements on the basis of calculations assuming water reaches everywhere, uniformly.

For example, in the recent Tesla car fire [2] the BEV battery kept re-igniting, took 4 hours to
bring under control and used 30,000 (US) gallons of water (115 m3). This was for a 100 kWh BEV
battery, designed with inter-cell thermal isolation barriers.

In the case of Sunnica, the Local Authorities have suggested that water supplies of 1900 litres
per minute for 2 hours (228 m3) will be needed [22]. But this is grossly inadequate. Using the above
Tesla BEV fire experience, this amount of water would suffice for just two Tesla Model S car fires.
Scaling this up to even the smallest 2 MWh BESS {such as that in McMicken [8]), which contains
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stored energy equivalent to twenty Tesla Model S cars, it is clear to see that a much greater
amount of water would be needed.

The actual amount of water required will depend on the energy storage capacity per cabin
which, in the case of Sunnica, is still unstated. Some simple estimates are, however, made below.
The requirements suggested to date by the Local Authorities for the Sunnica installation are
completely inadequate and, if not addressed, would leave Suffolk FRS without the means to
control a major BESS “fire”.

Taking a storage capacity of 10 MWh in just one of the Sunnica cabins (see Appendix 1), a
complete thermal runaway accident in such a BESS would release that stored electrochemical
energy, plus an indeterminate quantity of heat from combustion of hydrocarbon polymer materials
or inflammable gases evolved from them. Such Total Heat Release may be up to twenty times the
amount of the stored electrochemical energy in the BESS [11].

The thermal capacity of water is 4.2 k! kg K or in kWh terms, about 1.17 kWh m3 K1, If
heated from 25 °C to boiling point about 87.8 kWh m™? of thermal energy is required.

Hence the water volume required to absorb 10 MWh of released energy without boiling is about
114 m? or 30,000 US gallons, the same amount as required in practice to control a fire in a single
Tesla Model S car with a mere 100 kWh battery, 100 times smaller than a 10 MWh BESS.

The quantity suggested by the Local Authorities’ joint response is 228 m? (1900 L min for 2
hours), twice the above estimate, which would naively be sufficient for a 20 MWh BESS fire.
However, from the experience of recent BEV fires, it could be insufficient by a factor of 100.

No such calculations were presented in the Examination of the 700MWh Cleve Hill BESS (6).

2. “Clean agent” fire suppression systems are a common fire suppression system in BESS, but are
totally ineffective to stop “thermal runaway” accidents. The McMicken explosion was an object
lesson in this: the installed “clean agent” system operated correctly, as designed, on detection of a
hot fault in the cabin [8]. There was no malfunction in the fire suppression system. But it was
completely useless because the problem was not a conventional fuel-air fire, it was a thermal
runaway event. Only water will serve in thermal runaway.

Indeed in the McMicken explosion the “Novec 1230” clean agent arguably contributed to the
explosion by creating a stratified atmosphere with an air/Novec 1230 mixture at the bottom and
inflammable gases accumulating at the cabin top.

The most probable cause of the explosion was mixing caused by the opening of the door by first
responders. The explosive mixture contacted hot surfaces and ignited {8].

3. Afurther recommendation of the Hill/DNV report [8] into the McMicken explosion is for a
means of controiled venting of inflammable gases before first responders attempt access. In the
Local Authority response to the Sunnica consultation, ventilation is listed as a BESS requirement
[22] but the reason given, bizarrely, is “to control the temperature” — at which ventilation or air-
conditioning (also listed) would be totally ineffective, lacking any significant thermal capacity.

The critical reason for controlled ventilation is the removal of inflammable gases before an
explosive mixture forms. Deflagration panels (to decrease the pressure of explosions that do occur)
are also recommended.
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It should be noted that although controlled venting provisions would mitigate the consequence
of inflammable gas evolution, they would also require simultaneous venting of Hydrogen Fluroide
that would be evolved concomitantly.

Toxic gas hazard would continue to present a risk to the community and the environment for
the duration of the incident. Fire-water will be contaminated with, inter afia, highly corrosive
Hydrofluoric Acid. Contamination of water supplies and waterways must be prevented.

It is strongly recommended that Fire Services study the Hill/DNV report [8], and the related
Underwriters Labs report [9], act upon their recommendations, and make realistic, physics-based,
calculations of the water quantities required to be available at every single BESS cabin. There
could be as many as 150 BESS cabins at the Sunnica East B site alone — see Appendix 1; each of
these would need a sufficient water supply.
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Appendix 1: Battery Capacity Calculations for the Grid-scale BESS proposed at the “Sunnica” site.

The Sunnica scheme will be taken as an example of a “mega-scale” solar plant with BESS. If
approved, it would cover approximately 2800 acres and will include BESS on 3 separate sites.

The proposed BESS capacity in the Sunnica scheme has not been specified. Estimates of storage
capacity can be made on the basis of the land areas allocated to the BESS compounds, assuming full
use {per meeting with Parish Councillors, 30 October 2020 [23)). Li-ion battery technology has also
been assumed because it is the most widely used in the industry today. Li-ion batteries have a high
energy density, and the costs of these have fallen significantly over the past few years [24] .

Land areas and cahin size are quoted in the Sunnica Scheme Description as:
Sunnica EastA:  5.23 ha
Sunnica East B: 15.6 ha
Sunnica West A: 10.65 ha
Total: 31.48 hectares.

One storage cabin size is 15 m length x 5 m width x 6 m height. This height is double that of a
so-called “hi-cube” shipping container and has a larger footprint (75 m? vs 30 m? for a standard 40-
foot shipping container).

Storage capacity can be estimated based on other BESS and storage cabin volumes:
Single cabin energy storage capacity:

The McMicken, Arizona, Li-ion BESS was a single cabin, footprint of 60 m? and ‘shipping container’
height. The Sunnica BESS cabins are 75 m?, with ‘double shipping container’ height (6 m).
Energy storage at McMicken was 2 MWh,

Scaling by footprint and height yields a singfe cabin energy storage capacity estimate of 5 MWh
for each of the “Sunnica” BESS cabins.

The Arizona cabin had empty space for expansion racks, so a larger single cabin energy storage
capacity, up to say 10 MWh, is entirely conceivable.

Density of BESS cabins on allocated land.

This is unstated by Sunnica. We assume that 7.5% of the allocated land area will be occupied by the
BESS cabins themselves (this allows for safety separations, fire access routes, Battery Management
Systems (BMS) and other electrical plant, bunding for firewater in the event of incidents). This
implies a total of 315 BESS cabins allocated over the three sites.

Total scheme storage capacity:

5 MWh (single cabin capacity) x 315 cabins vields a total energy storage capacity of 1575 MWh (or
1.574 GWHh), distributed over 3 separate battery compounds of unequal size {(31.48 ha total). If the
single cabin capacity were 10 MWHh, the total doubles to 3150 MWh,

A storage capacity between 1500 — 3000 MWh is therefore credible for the Sunnica proposal,
depending on single cabin storage and the density of cabins on the land.

The area density of storage at this cabin density would be 50 MWh ha? for a single-cabin
storage of 5 MWh. This figure of 50 MWh ha! is independent of the total area allocated; it depends
only on the assumed fraction (7.5%) occupied.

For comparison, the corresponding density at Cleve Hill {3} is a very similar 69.2 MWh ha®.



The Energy Institute [25] gives 100 MWh ha? as ‘typical’ for Li-ion BESS planning. This density
would be reached in our assumptions if the single cabin capacity were 10 MWh. The latter figure is
entirely conceivable because the “base estimate” derives from an incompletely populated cabin. It
is also readily achievable if the spacing of cabins is closer than implied by the assumption of 7.5%

land occupancy.
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The “base case” estimate of 315 cabins and 1574 MWh is an overestimate only if the project

does not fully occupy the allocated land (i.e. BESS cabin density is less than the 7.5% assumed), but

this would be contrary to advice from the developer in meetings with local Councillors.

It is also an overestimate if the single cabin storage capacity is less than 5 MWh. This is unlikely

because it is estimated from a BESS cabin still incompletely populated.

These estimates are summarised in the following Table.

Table 3. Estimates of electrical stored energy under various assumptions at Sunnica.
Note: “1 kiloton TNT” is equivalent to 1.163 GWh. “One Beirut” is equivalent to 580 MWh.

No. of .
Compound Area cabins Energy storage capacity Comments
at area
density
of 7.5% L _
A : F:
(Snglecabin) = M 1 5 MWh 10 Mwh Per cabin
W e i assumptions
Sunnica East A 5.23 ha 52 260 MWh 520 Mwh
. Per compound
Sunnica East B 15.6 ha 156 780 MWh 1560 MWh estimates of stored
Sunnica West A 10.7 ha 107 535 MWh 1070 MWh energy
Whole Scheme  31.5ha 315  1575MWh 3150 MWh SR
electrochemical
1.575 GWh 3.150 MWh energy only_
1.36 kilotons  2.71 kilotons
Does not include
2.72 5.44 chemical energy
“Beiruts” “Beiruts”

from inflammables.
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Appendix 2: Applicability of the COMAH Regulations to large-scale BESS

The COMAH regulations {2015). COMAH regulates establishments with quantities of dangerous
substances {categorised as toxic, flammable or environmentally damaging) that are present above
defined thresholds. The substances do not need to be present in normal operation. If dangerous
substances could be generated “if control of the process is lost”, the likely quantity generated
thereby must be considered. If the mass of dangerous substances that could be generated in loss
of control exceeds the COMAH thresholds, the Regulations apply.

There are two “tiers” to COMAH, the “upper tier” imposing more stringent controls. Thresholds
of hazardous substances are listed with thresholds for both tiers.

The regulations specify aggregation rules when more than one substance in a hazard category
(e.g. flammables) may be present; even if all such substance are below the COMAH thresholds,
others in the same hazard category must be quantified and the proportions of the threshold
aggregated. If the total exceeds one, the establishment is subject to COMAH. It is also clear that the
inventories of all “installations” — including pipework — must be considered as a whole,

Extracts from COMAH Regulations [26] 2{1) {definitions):

“establishment” meons the whole location under the control of an operator where a dangerous substance
is present in one or rore installations, including common or related infrastructures or activities, in a quantity
equal to or in excess of the quantity listed in the entry for that substance in column 2 of Part 1 or in column 2
of Part 2 of Schedule 1, where applicable using the rule laid down in note 4 in Part 3 of that Schedule;

“presence of a dangerous substance” means the actual or anticipated presence of a dangerous substance
in an establishment, or of a dangerous substance which it is reasonable to foresee may be generated during
loss of control of the processes, including storage activities, in any installation within the establishment, in a
quantity equal to or in excess of the qualifying quantity listed in the entry for that substance in column 2 of
Part 1 orin column 2 of Part 2 of Schedule 1, and “where a dangerous substance is present” is to be
construed accordingly;

Application to grid-scale BESS: The Regulations refer to “a dangerous substance which it is
reasonable to foresee may be generated during loss of control of the processes”, Both Flammable
Gases {P2} and Acute Toxics (H1 and H2) are certainly “reasonable to foresee” in thermal runaway
incidents which are now well-documented. The evolution of regulated, named and categorised
hazardous substances from Li-ion battery cells in thermal runaway is also well-documented. A
“worst credible accident” would have to consider that the entire inventory of Li-ion cells would be
destroyed in a single BESS cabin at least. Cabin-to-cabin propagation should also be considered.

The Regulations apply to the entire “establishment”, controlled by a single operator. Whilst the
individual BESS compounds at Sunnica might be regarded as separate establishments, it is less
reasonable that individual BESS cabins should be regarded as separate “establishments”. They are
separate “installations” but “establishment” means the entire area under control of an “operator”.

Only if the most stringent safeguards were in place to ensure that the disastrous consequences
of cabin-to-cabin propagation of “battery fires” could not conceivably occur, could it be argued that
dangerous substances, exceeding the COMAH thresholds in quantity, were not “reasonable to
foresee [being] generated during loss of control of the process”,

We believe the COMAH regulations apply to BESS and that the approach of HSE is wrong in law.

Dangerous substances “reasonable to foresee ... generated during loss of control of the
processes”: The literature and known experience of BESS accidents is clear that dangerous
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substances in the hazard categories H1 and H2 {Acute Toxic) and P2 {Flammable Gases) are
foreseeable in the event of thermal runaway accidents. One of the Flammable Gases is Hydrogen,
which is a “Named Dangerous Substance” in Part 2 of Schedule 1 of the COMAH Regulations 2015.
Lower thresholds are specified for Hydrogen than for other P2 Inflammable Gases.

It remains therefore to consider the quantities of dangerous substances which could be
generated if “control of the process is lost” in a thermal runaway incident. Published literature
sources quantify evolution of flammable gases from tests of various Li-ion cells in sealed vessels.
Open “fire tests” quantify the evolution of toxic gases particularly Hydrogen Flucride. Many other
test results exist in the records of specialist test laboratories, but here we rely upon two primary
published sources.

Golubkov et al. (2014) [13] report quantities of evolved inflammables from Li-ion cells of three
different electrode chemistries in thermal runaway situations, The proportion of Hydrogen (Ha),
Methane (CHa), Ethylene {C2Ha) and Carbon Monoxide (CO) does not in fact vary greatly between
different types of Li-ion cell, reflecting an underlying inventory of hydro-carbon material (plastics,
electrolyte solvents etc) that remain similar in all Li-ion technologies. This is consistent with DNV/GL
test data cited in the Hill/DNV report [8]. The quantitative estimates here are taken from results
derived from cells with Nickel-Manganese-Cobalt {NMC) electrodes, as used in the McMicken BESS.
It was not possible in the apparatus of Golubkov et al. to determine the concentrations of HF
evolved.

Larsson et al. [11] report evolved quantities of Hydrogen Fluoride (HF) from Li-ion cells in open
“fire tests”, and also the Total Heat Released {THR) from combustion of the inflammables. Again
these vary between cell technologies and “form factors”, especially whether the cells have an outer
metal cannister or are in the “pouch” format. Quantities between 20 — 200 mg / Wh are reported.
The worst case figure is used in the following estimates; the lowest evolution reported for “pouch”
cells was 43 mg/Wh.

Both sources report evolved gas quantities on a per Wh basis. We scale these to a Li-ion BESS
cell size on the basis of stored energy since this will be roughly proportional to the electrolyte
solvents and other polymer materials in the cell. Scaling on a per mass basis would be preferable,
but this would require further information on the exact composition of the cells in the literature
tests, and indeed those for the BESS in question. During the McMicken investigation, the cell
manufacturers refused to release such data.

H1 and H2 Acute Toxics, The applicability of COMAH is easiest to determine in respect of Hydrogen
Fluoride {HF). This has a dual hazard classification [12] as H1 Acute Toxic (skin exposure) and H2
Acute Toxic {inhalation) and both exposure routes would apply to the general public nearby. The
lower tier COMAH threshald for H1 Acute Toxics is 5 tonnes [27]; using the upper estimate of 200
mg/Wh from Larsson, the BESS capacity at which a BESS enters the scope of COMAH {lower tier) is
25 MWh.

This is far below the projected storage capacities given in Table 3 (Appendix 1). With high
storage capacity cabins (of e.g. 12.5 MWHh}, it would require propagation of a fire from just one
cabin to a second, to generate HF above the COMAH threshold. It is not necessary to foresee a
major conflagration involving multiple cabin-to-cabin propagation to bring the establishment within
scope of COMAH; just two cabins would suffice. If 25 MWh were stored in a single large cabin, the
question of cabin-to-cabin propagation is irrelevant.
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The upper tier for “H1 Acute Toxics” is entered at four times higher capacity {100 MWh), which
is well below the estimated capacity of Cleve Hill, and is also below each of the three Sunnica BESS
compounds individually.

Even on the lowest evolution figure of 43 mg/Wh reported by Larsson et al. for “pouch” cells,
the lower tier of COMAH is entered at a storage capacity of 120 MWh, again well within the “low
case” capacity of each of the Sunnica BESS compounds, and Cleve Hill.

There is little doubt that either the lower or upper tier of COMAH is applicable to Cleve Hill and
all three of the Sunnica BESS compounds, on the basis of “H1 Acute Toxics” (HF, skin route) alone.

Carbon Monoxide (CO) is categorised as an H2 Acute Toxic as well as a P2 Inflammable Gas, and
will also be evolved, but in application of the aggregation rule its presence does not materially alter
these conclusions. It is sufficient to consider HF alone.

P2 Inflammable Gases. Assessing applicability of COMAH on the basis of inflammable gases is more
complicated because of the evolution of Hydrogen {H:), Methane {CHs), Ethylene (CaHa) and Carbon
Monoxide (CO) in significant quantities, and because Hydrogen is a “named dangerous substance”
for which different COMAH thresholds apply. These must be taken into account when applying the
Aggregation Rule. Although proportions are generally similar, quantities do depend on the different
electrode chemistries in the different Li-ion cell types.

Taking the largest evolutions reported by Golubkov et al. [13] for the LCO/NMC electrode type
tested by them these are equivalent to 335 mg/Wh of P2 inflammables. For the NMC cells tested
{the McMicken cells were NMC) the evolution was 214 mg/Wh. Taking the higher figure and
applying the aggregation rule, grid-scale BESS enter the lower tier of COMAH at about 30 MWh
capacity. Taking the lower figure, they enter the lower tier at 45 MWh capacity.

Hence there is little doubt that grid-scale BESS are lower tier COMAH establishments on the
basis of “P2 Inflammable Gases” at storage capacities between 30 - 45 MWh,

Because of the variability between cell types, and the difficulty of scaling laboratory tests to
actual BESS cells without detailed composition data, there is room for adjustment. However the
calculated estimates of the thresholds for applicability of COMAH are so far below the projected
capacities that it is inconceivable that the Cleve Hill and Sunnica BESS compounds would not be
COMAH establishments, in lower tier at the very least, and probably the upper tier also.

Conclusion: Grid-scale Li-ion BESS should be considered COMAH establishments in the lower tier on
the basis of “H1 Acute Toxics” (HF) alone, at energy storage capacities in the region of 25 MWh.
Upper tier would apply at about 100 MWh. They should be lower-tier COMAH establishments on
the basis of “P2 inflammable gases” alone, at storage capacities between 30 - 45 MWh. Again
larger establishments could become upper tier COMAH. Laboratory closed vessel and fire tests on
actual Li-ion BESS cells proposed to be deployed would be required to refine these estimates
definitively.

It is difficult to see how these conclusions could be avoided if tested in litigation.
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Appendix 3: Shortcomings of Existing Engineering Standards for Li-ion BESS

The July 2020 report for the Arizona Public Service by Dr D Hill [8] provides a comprehensive
discussion of existing engineering standards relating to BESS, and how they are inadequate to
address the known hazards of “thermal runaway” incidents in Li-ion BESS. This was the failure
mode leading to the explosion at McMicken, Arizona.

Unfortunately, when the UX’s first “mega-scale” solar plant and battery storage site was granted
approval in May 2020, this paper had not been published. The Cleve Hill solar developers cited one
standard, UL 9540A [3)]. This is also cited by some insurance and risk consultants [20].

It is important to be clear that nothing in UL 9540A addresses thermal runaway, and as a test
method standard, it can provide no “safety certification” for Li-ion BESS.

Specific criticisms made in the Hill/DNV report include the following:

1. UL 1973 allows for the complete destruction of a BESS and the creation of an explosive
atmosphere so long as no explosion or external flame is observed. An installation can do all
these things but still “pass” UL 1973. At McMicken one rack was completely destroyed and an
explosive atmosphere created but no flame or explosion occurred until first-responders opened
the cabin door.

2. UL 9540A is merely a test method for generating data, It does not define any “pass/fail” criteria
for interpreting results. Specifically, it does not address cell-to-cell cascading in thermal
runaway, nor the evolution of a potentially explosive atmosphere. It does not even prescribe
that the cell-to-cell cascading rate be measured.

It allows that thermal runaway may proceed to an entire rack (as at McMicken) and offers
testing of fire suppression systems {which operated correctly at McMicken but cannot prevent
thermal runaway, and did not prevent an explosion).

Presentation of data generated under UL 9540A to an “AHJ” {Authority Having Jurisdiction) does
not translate to a succinct understanding of potential risks.

3. NFPA 855 [21] does require evaluation of thermal runaway in a single module, array or unit and
does acknowledge the need for thermal runaway protection. However, it assigns that role to
the Battery Management System (BMS). Yet thermal runaway is an electrochemical reaction
that once started cannot be stopped electrically. It is uncontrollable by electronics or
switchgear, only by water cooling.

The evolution of engineering and safety standards has not yet incorporated the lessons of
experience arising from the McMicken explosion [8] or explosion incidents in the UK like the
Liverpool explosion and fire of 15 September 2020 [1]. Compliance with existing standards does
not prevent such incidents happening again.

Articles in the industry press® do now recognise and discuss the problem of thermal runaway
but make proposals such as: “if off-gases can be detected and batteries shut down before thermal
runaway can begin, it is possible that fire danger can be averted”

Such statements betray a dangerous misunderstanding. Batteries cannot be “shut down”,

except by complete discharge, which cannot be done quickly. Taking cells “out of circuit” is useless;
thermal breakdown and runaway will still occur.

3 https://www.energy-storage.news/blogs/preventing-thermal-runaway-in-lithium-ion-energy-storage-systems
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Appendix 4 - Fire Safety Planning requirements in the Local Authorities’ Joint Response to the
Sunnica statutory consultation

This Appendix deals point by point with the BESS requirements in the Local Authority response (text
in blue) pp 74 - 75.

sunnica should produce a risk reduction strategy as the responsible person for the scheme as stated in the
Regulatory Reform {Fire Safety) Order 2005. It is expected that safety measures and risk mitigation is
developed in collaboration with services across both counties.

The Local Authorities require that the Fire Services work with Sunnica to prepare fire safety and risk
mitigation measures. The Cambridgeshire and Suffolk Fire Services are therefore the only public
bodies with independent oversight of BESS safety.

The use of batteries {including lithium-ion) as Energy Storage Systems (ESS) is a relatively new practice in the
global renewable energy sector. As with all new and emerging practices within UK industry, the SFRS would
like to work with the developers to better understand any risks that may be posed and develop strategies
and procedures to mitigate these risks.

This paper is provided as input to this process, which appears to be insufficiently understood.

The promoter must ensure the risk of fire is minimised by:
*  Procuring components and using construction techniques which comply with all relevant legislation.

This overlooks the points made in this paper that {i) existing legislation is being ignored by the
statutory regulatory body, the HSE {ii) no adequate engineering standards exist to exercise
Prevention measures over what is by now a very well-known hazard, viz. thermal runaway. Public
Health and Safety cannot be assured whilst either of these situations continues.

+ Developing an emergency response plan with both counties fire services to minimise the impact of
an incident during construction, operation and decommissioning of the facility.

e Ensuring the BESS is located away from residential areas. Prevailing wind directions should be
factored into the lacation of the BESS to minimise the impact of a fire involving lithium-ion batteries
due to the toxic fumes produced.

This is impossible to satisfy. All the BESS compounds in the Sunnica proposal are sufficiently close to
residential areas to present a major danger of toxic fumes in the event of an accident. Plume
dispersal modelling should be performed to ensure that concentrations of HF cannot exceed
dangerous thresholds in the event of the worst credible accident in a BESS compound.

¢ The emergency response plan should include details of the hazards associated with lithium-ion
batteries, isolation of electrical sources to enable firefighting activities, measures to extinguish or
cool batteries involved in fire, management of toxic or flammable gases, minimise the environmental
impact of an incident, containment of fire water run-off, handling and responsibility for disposal of
damaged batteries, establishment of regular onsite training exercises.

This requirement is very broad but insufficiently detailed. Means of cooling would require water
volumes many times in excess of those requested. Management of inflammable gases is best
addressed by venting, but that exacerbates the hazard of toxic gas plumes. Large water volumes
may lead to unrealistic or impossible requirements for the containment, and subsequent disposal,
of the contaminated water resulting from the fire-fighting activity. Other sections of this paper
address these points.

o The emergency response plan should be maintained and regularly reviewed by Sunnica and any
matertal changes notified to SFRS and CFRS.
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¢ Environmental impact should include the prevention of ground contamination, water course
pollution, and the release of toxic gases.

Preventing the release of toxic gases is all but impossible. A thermal runaway event WILL release
toxic gases. If inflammables are vented to avoid /mitigate explosion risk, toxic gases WILL be
vented. Ground contamination and water course pollution is almost certain to occur if sufficient
water to control a major thermal runaway event is deployed. It will pose a significant challenge to
contain, and safely dispose of, such large volumes of contaminated fire water.

The BESS facilities should be designed to provide:

e Automatic fire detection and suppression systems. Various types of suppression systems are
available, but the Service’s preferred system would be a water drenching system as fires involving
Lithium-ion batteries have the potential for thermal runaway.

This is a correct precaution, but no specification is made of likely water volume requirements, nor
for a “dry pipe” system allowing water to be deployed without cabin entry. We provide some water
estimates elsewhere in this paper.

Other systems, such as inert gas, would be less effective in preventing reignition.

This is also a correct insight. The so-called “clean-agent” fire suppression system at McMicken was
triggered correctly, but was useless to control thermal runaway. Moreover the stratified
atmosphere created allowed the build-up of inflammables to a dangerous level, before the
explosion occurred,

¢ Redundancy in the design to provide multiple layers of protection.
+ Design measures to contain and restrict the spread of fire through the use of fire-resistant materials,
and adequate separation between elements of the BESS.

This comment only vaguely considers the true essentials. The “elements of the BESS” couid be:
cells, modules, racks, strings, and the entire system. As discussed in the Hill/DNV report what is
required is for the industry as a whole to accept that thermal runaway in an unacceptable hazard,
and demand engineering standards that Prevent thermal runaway by design, or if it occurs, Prevent
its cascade or escalation to larger system elements. This requires

a. Thermal barriers {i.e. Low thermal conductivity barriers, not merely refractory barriers,
ideally with water cooling, between all cells, so that propagation from cell to cell cannot
occur. This is precisely the requirement the industry has so far NOT made in the
development of its engineering standards.
Separation of modules by similar barriers to Prevent module-to-module cascade.
Separation of Racks to prevent rack-to-rack cascade, even with ejection of molten metals.
d. Spacing of BESS cabins such that even with “75 foot flame lengths” cabin to cabin escalation
is impossible. This is probably the most critical of all, since cabin-to-cabin escalation could
turn a major fire incident into an unprecedented catastrophe, on the scale of the Beirut
explosion or a small nuclear weapon.

o

¢ Provide adequate thermal barriers between switch gear and batteries,

s Install adequate ventilation or an air conditioning system to control the temperature. Ventilation is
important since batteries will continue to generate flammable gas as long as they are hot. Also,
carbon monoxide will be generated untii the batteries are completely cooled through to their core

This comment is very strange. There is no possibility whatsoever that air conditioning could he
adequate “to control the temperature”. The importance of ventilation is however recognised, as is
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the generation of carbon monoxide (toxic as well as inflammable). However the generation of
Hydrogen Fluoride will also continue until the batteries are “completely cooled” and HF {H1 Acute
Toxic by skin exposure) is much more toxic than CO (H2 Acute Toxic).

« [nstall a very early warning fire detection system, such as aspirating smoke detection.
The “very early warning” fire detection system required should be thermocouples to report
continuously on the local temperature at every cell in the entire system. A single cell overheating
can escalate via thermal runaway. By the time smoke is generated, this will be a “very late”, rather
than “very early” detection system. Just as thermal runaway events do not necessarily generate
ftame, neither do they necessarily generate smoke, until nearby combustibles are ignited.

+ Install carbon monoxide (CO) detection within the BESS containers.

This is a good straightforward measure, but detectors for other gases expected (HF, Hz, CHq4) couid
equally well serve and multiple gas detection would provides additional security.

+ |nstall sprinkler protection within BESS containers. The sprinkler system should be designed to
adequately contain and extinguish a fire.

The excellent record of sprinkler systems in ordinary building fires shows they would help contain
fire in regular combustible parts of the structure. However as discussed earlier in this paper, a
mere sprinkler system would be useless to contain thermal runaway. Much larger water quantities
would be needed.

s Ensure that sufficient water is available for manual firefighting. An external fire hydrant should be
located in close proximity of the BESS containers. The water supply should be able to provide a
minimum of 1,900 I/min for at least 2 hours. Further hydrants should be strategically located across
the development. These should be tested and regularly serviced by the operator.

As discussed elsewhere, we believe these water requirements to be under-specified by a factor of
100, based on real experience with BEV fires, “Strategic location” is inadequate. Every single BESS
cabin (potentially up to 150 of these at Sunnica East B alone) should have such a hydrant.

We remark elsewhere on the recommendation made by Hill/DNV for a “dry pipe” system to deploy
water drenching inside via external connections, without cabin entry being needed.

e Asafe access route for fire appliances to manoeuvre within the site (including turning circles). An
alternative access point and approach route shoutd be provided and maintained to enable
appliances to approach from an up wind direction. Please note that SFRS requires a minimum
carrying capacity for hardstanding for pumping/high reach appliances of 15/26 tonnes, not 12.5
tonnes as detailed in the Building Regutations 2000 Approved Document B, 2006 Edition, due to the
specification of our appliances.

The requirement for safe access routes and space for appliances to manoeuvre could usefully be
expanded into requirements for safe spacing of BESS cabins and thermal or flame barriers between

cabins, to Prevent the “disaster scenario” of cabin-to-cabin propagation.

Final Comment: {over)
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Final Comment:

The fundamental failure mode of Li-ion batteries presenting major hazard is thermal runaway.
This paper is far from the first to identify the risk which is now well-known.

However the BESS industry as a whole has still not agreed or implemented adequate engineering
standards to address basic Prevention measures to pre-empt thermal runaway accidents,

Until it does, Mitigation of major accidents by the Fire Services will remain the sole recourse for
public protection and safety.
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Toxic gases released from lithium-ion battery (LIB) fires pose a very targe threat to human health, yet they are
poorly studied, and the knowledge of LIB fire toxicity is limited. [n this paper, the thermal and toxic hazards
resulting from the thermally-induced failure of a 68 Ah pouch LIB are systematically investigated by means of
the Fourier transform infrared spectroscopy (FTIR) and 1/2 150 full scale test room. The LiBs with higher state of
charge (SOC) are lound 1o have greater fire risks in terms of their burning behavior, normalized heat releasc rate,
and fire radiation, as well as the concentration of wxic pases. Specifically, the thermal hazards are evaluated by
combining the effects of convective and radiative heat, The major 1exic gases detected from the online analysis
are CO, HF, SO, NOjz, NO and HCl. Furthermore, Fractional Effective Dose (FED) and Fractional Effective
Concentration {FEC) models arc used to quantitatively assess the overall gas toxicity. Results show that the
effects of irritant gases are much more significant than those of asphyxiant gases. HF and SO have much greater
toxicity than the other fire gases. The maximum FEC value is approaching the critical threshold in such fire
sCenanios,

1. Introduction baitery materials was about three times as much as that generated in

side the battery. Li et al. (2019) investigated the thermal runaway
propagation mechanism of large format LIB with Li(Ni,,3Coy 4Mn, )
0 cathode based on the results from the EV-ARC tests. The propagation
time between adjacent LIBs was significantly delayed in 50% SOC
module compared with 100% SOC module. Chen et al. (2017) con-
ducted experiments in Hefei (100.8 kPa) and Lhasa (64.3kPa) to in
vestigate the fire behaviors of L1Bs at different atmospheric pressures. [t
was determined that the low atmospheric pressure can largely weaken
the combustion intensity of the LIBs. However, in some circumstances,

Lithium-ion batteries (L1Bs) are widely used in various applications
today and are seen as the promising power source for electric vehicles
{EVs), due to their high energy density and long cycle life (W et al,
2018; Wang et al., 2012). However, thermal runaway may occur, when
the batteries are misused or encounter abnormal environmental con-
ditions, which is generally accompanied by heat release, gas emissions,
fire and possible explosions. Fire accidents caused by LIBs have been
reported continually (Abada et al.,, 2016} and the safety problems have

become a major obstacle that hinders the further development of EVs.

Considerable research has been carried out to investigate the
thermal runaway features of LIBs. Experimental techniques such as
differential scanning calorimetry (Zhang et al.,, 2019) (DSC), extended
volume accelerating rate calorimetry (EV-ARC) (Feng et al., 2014a, b},
vent sizing package 2 (VSP2) (Jhu et al., 2011, 2012; Chen et al,, 2016),
cone calorimeter (Fu er al., 2015; Zhong et al., 2018), Copper Slug
Battery Calorimetry (CSBC) (Said et al., 2018; Liu et al., 2015, 2016)
and even 150 9705 room test apparatus (Ping ct al,, 2015) have been
utilized to analyze the thermal hazards of single and multiple LiBs. For
example, Said (Said et al., 2018) measured the energetics of thermally
induced LIB failure by means of CSBC and cone calorimeter. The results
showed that the heat released through flaming combustion of ejected
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the risks of fire effluents can be more serious than the fire itself, and the
intense heat generated by LIB fires especially in enclosed environments.
Deaths and injuries are mainly due to the inhalation of smoke and toxic
gases in most fire accidents (Stec, 2017). To reduce the possibilities of
safety problems, LIBs have to pass various abuse tests (overcharging,
short circuit, crushing, penetration and overheating, etc.) before sales,
yet there is no requirement to assess the toxicity of burning LIBs,
Until now, few studies have been done on evaluating the fire ef
fluents of LIB and the knowledge of their toxicity is very limited.
Fredrik (Larsson et al. (2014); Larsson et al., 2017, 2018; Andersson
et al., 2016) conducted fire tests on various types of LIBs, which mainly
focused on the quantitative analysis of toxic fluoride gases. It was ob-
served that lower SOC batteries produced higher amounts of HF and the
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Nomenclatures

LIB lithium-ion battery

EV electric vehicle

S0C state of charge

SEI solid electrolyte interphase

G(1) heat release rate, kW

Ah.fr,  heat release per mass of oxygen, which was taken as
13.1 MJ/kg

C orifice flow meter calibration constanl,ml'l-gl EN 3

Ap pressure differentiat, Pa

1. the absolute temperature of the gas, K

added water mist increased the peak production rate of the HF, but
there was no significant change in the total amount of HF released.
Ribiére et al. (Ribiére et al., 2012) utilized a Fire Propagation Apparatus
(FPA) to investigate the combustion characteristics of the materials
ejected from a 2.9 Ah pouch cell. Significant concentrations of toxic
gases including HF, CO, NO, SO, and HCl were identified, and HF was
considered to be the most critical gas emitted from F-containing bat-
teries. Fabian Diaz et al. {2019} calculated the theoretical contaminated
volume to evaluate the hazards of gas emissions produced in mechan-
ical and thermal treatment of spent lithium-ion batteries. It was found
that the battery with LiFePO, cathode produced the most amount of
toxic gases, with an environmental contaminated volume of 379 m*
during pyrolysis in nitrogen atmosphere. Sun et al. (2018) investigated
the combustion products of two types of commercial LIBs with elec-
trochemical sensors, and more than 100 volatile organic compounds
were identified. They showed that the types of combustion products
were related to SOC, and the fully charged batteries had the most ser-
ious toxicity. Lecocq et al. (2016) performed fire tests on 1.3 Ah lithium
iron phosphate batteries using FPA, and the gas emission data of HF and
504 were used 1o predict the toxicity of the whole Lithium-ion module.
The nature of the salt was found to significantly affect the critical
thresholds. However, large scale tests and more comprehensive gas
species are needed to better extrapolate the measured toxicity to real
fire conditions. The existed research has confirmed the types of emis-
sion gases and stressed the fact that they are toxic and can cause en-
vironmental issues, however, at present, the combined toxic effects of
these gas products on human health have not been fully evaluated.

In this work, both the thermal and toxic hazards, resulting from
thermal runaway of large format LIBs, are investigated using the FTIR
and 1/2 1SO full scale test room. The gas toxicity and thermal hazard
are guantitatively evaluated. Some important parameters such as heat
release rate (HRR}), time to ignition and fire radiation, as well as mul-
tiple gases emissions, are measured and analyzed in detail to present a
comprehensive characterization of LIB fire hazards.

2. Materials and Methods
2.1. LIB samples

The PL15181210 LIBs employed in this work are manufactured by
Beijing National Battery Technology, with LiFePOy/graphite as their
electrodes, and they are widely used in electric buses. The LIB has a
nominal capacity of 68 Ah and a nominal voliage of 3.22 V. The initial
mass is 1250 *+ 3 g and its physical dimensions are shown in Fig. 1. A
battery testing system of NEWARE CT-4004-10V100A-NFA controlled
by a computer was employed to prepare LIBs to the expected SOC using
the constant current/constant voltage method. The selected SOCs were
100%, 75%, 50% and 0%, with each SOC being repeated three times.
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X3 the initial value of oxygen analyzer reading

Xo, Oxygen analyzer reading

FED/FEC fractional effective dese / fractional effective concentra-
tion

FEDphern fractional effective dose due to thermal effects

Voo, frequency factor

@ the concentration of each gas, expressed in pl)"!

F, the critical concentration of each irritant gas that is ex-

pected to seriously compromise occupants’ tenability, ex-
pressed in !

Yrod time to experience pain due to radiant heat

— time to experience pain due to convective heat

2.2, Experimental setup

The experimental setup is illustrated in Fig. 2. This apparatus
comprises two main subsystems. The left part is the combustion
chamber with dimensions of 150 X 150 x 180 cm, which is approxi-
mately half that of the IS0 9705 test room. The right part is the gas
collection and analysis system.

(i) Details of left part. The fire tests were conducted in the
chamber under well ventilated conditions. The LIB was placed upon a
supperting mesh with the hole-size of 5 X 5cm. A 3 kW electric heater
was set under the battery at a vertical distance of 10 em to simulate a
radiative heat condition. An electric spark igniter was placed between
the two lugs at the same height as the bottom of the battery. Four R-
type thermocouples were placed at a horizontal distance of 20 cm away
from the battery to measure the flame temperature, and the spacing
distance was 10cm as shown in Fig. 2. Two Hukseflux SGBO1 heat flux
sensors with a 50 kW/m? measurement range, and four K-type ther-
mocouples were located 30cm away from the side of the battery to
quantify the convective and radiant heat. The schematic diagram of the
thermocouples and heat flux sensors setup is shown in Fig. 3. A Sony
FDR-AX40 camera with 25 fps was used to record the burning process.

(ii) Details of right part. The fire emissions from the LIB were
collected entirely and mixed with ambient air. The pressure differential
(4p), and temperature (T,) were measured by a pitot tube and a ther-
mocouple in the exhaust duct. A Servomex 4100 gas analyzer was used

181mm 0.2,

|

920.50mm

21 0mm 0.5

Fig. 1. The dimensions of the 68 Ah LiFePO, battery.



¥. Peag, et al

Guide Vanes Pitot tube

Sampling probe

Journal of Hazardous Marerials 381 (2020) 120916

Thermm:ouple

b

==——1——* Exhaust duct

(F’f

] Somke hoods

Heat flux
SEnsers

K type

T
|

ey

——y

Toxic gases

HF, 50z, NOx---
| Sample gas

ynotouples |

-{'omblsﬁdn chamber |

+Video ta
i

_©'

= RBatte

+=Ther:

= Jack

Air

+ Ratiatjon heater i
J—=Supporting mesh

1 insulating layer

Nicro dilleren il

[IFCSNITIE siisor

Fig. 2. Schematic of the experimental setup.

Thermocouple

——

Heat flux sensors

battery
10c R4

30cm
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to measute the concentration of O, by a paramagnetic analyzer, and CO
and CO; were determined by a non-dispersive infrared {NDIR) sensor.
Based on the oxygen consumption principle (1SO 5660-1, 2015), the
HRR of combustion can be calculated by:

(1) = (Ahr10c (S8 X3, — Xo,
= (Ah./5 _—
1 " y T; 1105 — 1.5%o, (1

Meanwhile, online FTIR measurements of the toxic gases were
performed using a portable Protea atmosFIRt, and the heart of which is
a high-resolution FTIR spectrometer. The sample gas was extracted
from the exhaust stream, with a flow rate of 2.5 L/min, and then passed
through a primary filter before the heated PTFE hose. Thereafter the
extracted gas was treated with a secondary filter before the analysis
starting in the FTIR gas cell.

3. Fire Hazards Evaluation Method
3.1. Assessment of Fire Gas Toxicity

The concentration limits considered by the National Institute for

Occupational Safety and Health (NIOSH) of USA to be Immediately
Dangerous to Life or Health (IDLH) (The National Institute for
Occupational Safety and Health (NIOSH), 2014), are taken into account
to conduct a preliminary assessment. Moreover, toxic-gas models de-
scribed in 1SO 13571 (1357) are introduced in this study to evaluate the
combined toxic effects. This method is a good way to quantitatively
assess the overall gas toxicity, and has been widely used to evaluate the
fire toxicity of building materials (Stec and Hull, 2011), upholstery
materials {McKenna et al., 2018) and even vehicles (Truchot et al.,
2018). {rritant and asphyxiant are distinguished in this methodology.
Asphyxiating effects are evaluated by determining fractional effective
dose (FED) as shown in Equation {2]. These effects not only depend on
the gas concentration, but also have a close relation with the exposure
time. CO and HCN are generally considered as the only two significant
asphyxiant gases in [SO 13571. Their harmful effects will be increased
due to the inhalation of CO,

15] i 23
_ Fro Voo, (Bren Veo,)
FED = 3 35000 A * 2 Lzx10m

Voo, = elooalr @)

[rritating  effects are evaluated by calculating the Fractional
Effective Concentration (FEC) as described in Equation {3). The toxicity
of these irritant gases is instantaneous and directly determined by the
concentration. F is the critical concentration that is expected to cause
incapacitation. In this method, FED and/or FEC values of 1 means that
50% of the population would be expected 1o experience compromised
tenability (1SO 13571, 2012).

FEC = Prct + Prine o .?;’if_ o P50, i Pro, " Bhcrudein e Plormatichpde
Fuyer  Fuse  Fuor Foy,  Frop  Fenten Formatdeme
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3.2. Assessment of thermal hazards

Thermal effects result from the convective and radiant heat which
are determined by the exposure temperature of fire environment, and
radiation received by skin, respectively. The time to experience pain
due to radiant and convective heat can be calculated by Equations {41
and (5). These two effects are also related to the exposure dose. The
corresponding evaluation method is similar to that used with toxic
gases. The thermal hazards are calculated by combining the convective
and radiative effect using Equation (6). The evaluation model is con-
sistent with the studies of Purser {2002) and (Wieczorek and Dembsey,
2001 ).

lirag = 4.2¢717 (4)
fom: = {8 X 107)T~34 s}
n 1
FEDperm = ), (————)4t
e ; firad + Licony 6)

where the term ', , is set at zero if the radiant flux is under 2.5 kW/m>
4. Results and Discussion
4.1. Burning behaviors

Fig. 4 shows the typical burning behaviors of the 68 Ah batteries
with 0%, 50%, 75% and 100% SGC. It can be observed that the LIBs,
with different SOCs, all undergo several burning stages: (I) heating and
expansion, (I1) stable combustion with small flame, (lll) jet fire, (IV)
second stable combustion and (V) abatement and extinguishment. The
L1Bs show similar behaviors at stages I, Il and V while significant dif-
ferences can be seen at stages [I[ and 1V.

At stage |, the LIBs are continuously heated by the external heating
source. Then the surface shows slow expansion due 1o the increase of
inner pressure, which is caused by the gas products generated during
thermal decomposition reactions inside the battery. Some flammable
gases are released and ignited immediately by the electric spark igniter,
marking the onset of stage 1. The time interval from the exposure of

1l

100% SOC

75% SOC

50% SOC

0% S0C
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Table 1
Egnition time and heat release results of LIBs with differeru SOCs.

S0C Ignition time/s Peak HRR/KW Total release heat/k)
0% 825 + 58 37 £ 05 4165 + 356
50% 775 + 68 258 = 16 5644 £ 317
75% 759 * 65 702 = 7.2 6388 *+ 431
100% 738 = 7 80 x 26 6660 * 419

Fig. 5. The binary image of jet flame for battery with 100% SOC.

radiation to the appearance of a continuous flame is defined as the
ignition time {Torero and Handbook, 2004), As shown in Table 1, the
ignition time is decreasing with SOC. The flame is small and stable
during this stage. After a period of stable combustion, the separator
loses its whole integrity, negative and positive electrode reactions occur
that leads to thermal runaway. A great deal of gases and aerosols are

v

Eig. 4. Bumning behaviors of the LIBs at different states of charge.
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Fig. 6. The HRR curves of LIBs with 100%, 75%, 50% and 0% SOC.

1760 2000

released from the battery, forming a high-speed jet flame during stage
[Il. The average length of jet flame is calculated by MATLAB software
based on OTSU method (Otsu, 1979) and the flame reaches a length of
more than 55 cm for the fully charged battery as shown in Fig. 5. Then
the combustion becomes stable again and the flame is in the direction of
vertical buoyancy at stage IV followed by a decay (stage V) until the fire
is extinguished. Comparing the burning behaviors of LIBs with four
different SOCs, it can be seen thal the one with higher SOC shows a
longer combustion flame and stronger ejection at stage IIf and also
presents a larger scale of fire at stage IV, This is because both the
amount of available O released from cathode decomposing, and the
intercalated Li in the anode increase with SOC. This contributes to the
significant exothermic reactions such as the combustion of carbonous
material and Li oxidation during thermal runaway {(Goiubkov et al.,
2015). Therefore, the battery with higher SOC, has greater electro-
chemical potential energy that leads to a higher heat release and gas
generation rate. 1t can be seen that SOC is one of the most important
factors that affect the burning behavior of LIBs.

4.2. Thermal hazards

4.2.1. Heat release rate

Heat release rate (HRR) is one of the key parameters for char-
acterizing the energy-releasing process (Chen et al., 2017). The HRR
curves of LIBs with different SOCs are shown in Fig. 6. The peak HRR
values are 80, 70.2, 25.8 and 4.2 kW for 100%, 75%, 50% and 0% SOC,
respectively, as presented in Table 1. The results show that the peak
HRR value increases with SOC. The normalized HRR value (kW/m?)

Journal of Hazardous Marerials 381 {2020) 120916

can be obtained by dividing the peak HRR values by surface area of the
battery. The results are compared with those of commeon fuels and
polymers, the data for which are taken from the SFPE Handbook. As
shown in Fig. 7, the normalized HRR value of the fully charged LIB is
very close to that of gasoline. The normalized HRR value of the 75%
SOC LIB is higher than that of fuel oil. For the 50% SOC LIB, this is
equal 1o that of PMMA and the 0% SOC LIB has the lowest value.

The total heat release (THR} is calculated by integrating the HRR
profiles and the results are also presented in Table 1. It can be seen that
the THR values increase with SOC. Moreover, when thermal runaway
happens, the combustion heat is suddenly released within a very short
time and the HRR increases more sharply for batteries with higher SOC.
This occurs because more lithium ions embed into the negative elec-
trodes at higher SOC and increase the instability of the intercalated
carbon, Therefore, the activation energy is lower, and the reacticn rate
inside the battery is higher during the exothermic reactions.

4.2.2. Flame temperature

Fig. & shows the flame temperature curves of LIBs with 100%, 75%,
50% and 0% SOC. The temperatures measured by the four thermo-
couples increase sharply at the onset of thermal runaway for batteries
with 50%, 75% and 100% SOC. The Thermocouple 3 always detecis a
higher temperature of flame than other thermocouples and the highest
flame temperature is 798°C, 807 *C and 863 °C for batteries with 50%,
75% and 100% SOC, respectively, The failure of a single LIB can easily
trigger thermal runaway in neighboring batteries at such a high tem-
perature and cause cascading failure due to the impact of flaming
combustion. [t also should be noted that more temperature peaks are
observed for the batteries with higher SOC due to multiple jets of flame.

4.2.3. Thermal effects due to convective and radiant heat

The effects of convective and radiant heat are crucial in the as-
sessment of fire hazards. The thermal effecis are calculated by the
average values of heat flux and temperature, which are obtained from
different measuring points, located 30cm away from the side of the
batteries. Fig. % and Fig. 10 show the average heat flux and temperature
curves, The heat flux is determined by the combustion intensity and has
similar trends with HRR. This can be confirmed by the general ob
servations on fire behavior as described in Section 4.1. The peak heat
flux values are 23.9, 14.2, 2.5 and 1 kW/m? for batteries with 100%,
75%, 50% and 0% SOC, respectively. Skin temperature depends on the
balance between the rate of heat absorption and heat dissipation. The
tenability limit for exposure of skin to radiant heat is approximately
2.5 kW/m?, below which exposure can be tolerated for at least several
minutes (ISO 13571, 2012). The radiant heat, of the 100% and 75%
SOC batteries, is above this threshold and would cause pain and skin
burns within a few seconds. It can be observed in Fig. 10 that the
average temperature significantly increases with SOC, and the peak
temperature of 100% SOC can be as high as 172 "C, which exceeds the

75 ® Gasoline
"E S 21 485 m fuel oil
z 2 & Polyethylene
.E. 15 PMMA
= B Methanol
g 1 0.68 B Polyvinylchloride
? 05 l 04 I B 100% 50C
s = Q1 w75%s0c
o Ly e > & ® 50% SOC
& & dsh‘pb &

Fig. 7. The normalized HRR of L1B with 100%, 75%, 50% and 0% SOC in comparison with that of the commeon combustibles.
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limit of 120 “C suggested by thermal tolerance data for unprotected skin
of humans and would cause considerable pain within a few minutes
(Purser, 2000).

Fig. 11 shows the results of FED calculated from thermal effects in
such fire scenarios. A higher FED value represents more serious thermal
hazards. The FEDem curves of charged L1Bs rise very steeply after the
occurrence of thermal runaway which is accompanied by violent ejec-
tion. For batteries with 100% and 75% SOC, the FEDyj.qw is higher than
five within one minute after the onset of thermal runaway, indicaling

180 A T T T T ¥ ¥ T M T
—— 0% SOC
160 - —— 50% SOC
wol —— 75% SOC |
= —— 100% $OC
&
® 120 | -
=2
B 00| i
D
o
E 80 |- .
=
60 | 4
a0 4
W e i, W
20 A 1 i L i L " " i | " 'l i 1

1000 1250 1500 1750 2000
Time {s)

0 250 500 750

Fig. 10. Average temperature curves of LIBs with 100%, 75%, 50% and D%
S0C.

significant thermal effects from radiant and convective heat. Any
people exposed to this fire scenario would suffer serious skin pain and
burns. For the 50% SOC battery, the thermal effects are approaching the
tenability threshold (FED of 1) after 24 min. It is considered that ap-
proximately 50% of people exposed 1o such fire scenarios would fail 1o
escape due to the thermal hazards. The effects of 0% SOC battery can be
negligible in comparison with those of batteries with higher SOC.
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Fig. 11. Evolution of FED due to thermal effects of LIBs with 100%, 75%, 50%
and (9 SOC.

4.3. Toxic threat

4.3.1. Asphyxiont gases

Carbon monoxide (CO) is generally considered to be one of the most
poisonous components in fire gases (Kuligowski, 2009). The presence of
CO; can increase the rate of asphyxiant uptake and hence increase the
toxic effects. The CO and CO, concentration curves of LIBs with dif-
ferent SOC are shown in Fig. 12. The maximum CO concentration is
258 ppm, but the duration is very short. The maximum exposure al-
lowed by occupational safety and health administration (OSHA} in the
workplace over an eight-hour period is 50 ppm of CO. Individuals will
experience slight headache and even loss of judgment within two to
three hours of exposure to 200 ppm (Betterman and Patel, 2014). The
maximum CQ; concentration of batteries, with any SOC, is far from the
threshold of 10% which may cause convulsions, coma and death
{Permentier et al., 2017).

The CO/CO, ratio can reflect the fire hazards from another point of
view as demonstrated in Fig. 13. For batteries with 100% and 75% S0OC,
the CO/CO, ratios are comparable and significantly higher than those
of 50% and 0% SOC batteries, indicating a lower combustion efficiency
for a higher SOC battery. This is in accordance with the observations in
Section 4.1 in that the higher SOC battery has a more violent ejection
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Fig. 13. The ratio of CO/CO; of LIBs with different SOCs.

during thermal runaway, which leads to incomplete combustion. That
generally produces more toxic products including CO, HCN and other
irritant gases, instead of the relatively harmless CO; and water.

4.3.2. Irritant gases

The major irritant gases analyzed by FTIR are HF, SO,, NO,, NO and
HCL. Fig. 14 shows the concentration curves of these irritant gases. The
production of these gases shows a significant increase when thermal
runaway reactions take place, and then decreases quickly as the fire
abates. HF primarily originates from the battery electrolyte (LiPF;s) and
electrode binder (PVdF), but emissions can also come from coating
materials such as AlF;. The formation of HF can be described according
to the following reactions (Yang et al., 2006; Kawamura et al., 2006):

LiPE, — LiF + PR &)
PFs + H,O — POR + 2HF (8}
LiPK, + H;O — LiF + POF; + 2HF (9)

The toxicity of HF is well known and Table, 2 shows the IDLH limits
and the maximum concentration values obtained in the tests. The
maximum HF concentration is 165 mg/m3 as shown in Table 2, which
exceeds the IDLH value by one order of magnitude. This fire atmo-
sphere poses an immediate threat io life and will cause irreversible
health effects.

Fig. 14 (b) presents the sulfur dioxide production. SO, is generated
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Fig. 12. Conceniration of CO and CO; as a function of time of LI1Bs with different SOCs.
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Fig. 14. Concentration of irritant gases as a function of time of LIBs with different SOCs,

from sulfur-based compounds which are used as reduction-type ad
ditives (Zhang, 2006) to assist solid electrolyte interphase (SEl) for-
mation. The concentration of 50, depends on S0C, but it can also be
detected at low SOCs. Previous published work (Ribidre et al., 2012),
conducted with 2.9 Ah pouch LiMn;04/graphite batteries, showed a

different result that only the fully charged battery released S0, in the
test. This is attributed to the fact that the battery materials are different
from those used in this work. In addition, large format LIBs with 75%
and 50% SOC, still can release enough heat to support the formation of
S0 during the exothermic reactions. Exposures of 10 to 20 ppm (LI5S
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Table 2
The maximum concentrations of irritant gases and IDLH values.

Substance IDLH Value (mg/m”) Maximum value (mg/m*)
Hydrogen fluoride {HI} 24.6 165 = 10
Sulfur dioxide (502) 262 115 x 12
Nitric oxide {NQ) 123 16 = 2
Nitrogen dioxide (NO,) 376 =1
Hydrogen chloride (HCI) 74.5 1022
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Fig. 15. Evolution of FED of asphyxiant gases (CO and CGy).
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Fig. 16. Evolution of FEC of imritant gases (502, HCl, NO2, NO and HF}.

Department of Health Human Services, 1998), namely 26.2 to 52.4 mg/
m?, can cause irritation to mucous membranes. Exposure to 262 mg/m”
sulfur dioxide is considered immediately dangerous to life and health.
The maximum concentration of $0; is 115 mg/m®, at which sensible
effects can be observed in the studied fire scenario.

Compared with HF and SO, the concentrations of nitrogen oxides
are relatively low as shown in Fig. 14 (c) and (d). The nitrogen oxides
are considered to be reaction products during high temperature com-
bustion. The maximum concentrations of NO and NO, are 16 and
11 mg/m®, which are far from IDLH limits.

HCI is also detected in the fire effluents as shown in Fig. 14 (e).
Chlorine can be found as inorganic electrolyte in the form of e.g. LiClO,
or in the plastic packaging as a flame-retardant additive (Diaz et al.,
201%). A previous study (Kuligowski, 2009) found that greater than and
equal to 5 ppm of HCl is immediately irritating, and 10 ppm to 50 ppm

Journal of Hazardous Materiels 381 (2020) 120916

is the maximumn concentration tolerable for one hour. The maximum
concentration of HCl is 10 mg/m®, or approximately 6.8 ppm, which
will preduce little effect.

The production of all the five irritant gases increases with SOC. As
an irritant gas, HF has the greatest effect by comparing the maximum
concentration with the toxicity thresholds available in the literature
(Kuligowski, 2009; LS Department of Health Human Services, 1998;
Pohanish, 2008) or international safety standard (The National Institute
for Occupational Safety and Health (NIOSH), 2014). The maximum
values of other gases are lower than the IDLH limits. However, it should
be highlighted that the battery system of a typical electric bus (i.e.
ANKAI EV bus) consists of 6-8 modules and each module has 72 cells.
Besides, the tests are conducted in well-ventilated conditions and the
fire toxicity will be more serious in an enclosed environment. There-
fore, the identification and quantification of fire gases are helpful for
the design of new materials, risk assessment and management.

4.3.3. Toxicity evaluation

The combined toxic effects of various gas emissions are extremely
required to be evaluated in a real, or near-real fire scenario after
identifying their compositions. The toxic gas models described in 150
13571 are used to estimate the expected toxicity based on the experi-
mental data. Fig. 15 and Fig. 16 show the FED and FEC evolution during
combustion of batteries with different SOCs. The curves clearly reflect a
cumnulative, and immediate effect for asphyxiant and irritant gases,
respectively. Both the FED and FEC values increase with SOC. Effects of
asphyxiant and irritant gases start to be visible after 800 s of the ex-
periment. Values of FED remain very low, compared with those of FEC,
and the difference is more than one order of magnitude, indicating that
the effect of CO and CO, is limited. This also reveals the fact that the
tests are conducted under well-ventilated condition. The effects of ir-
ritant gases are predominant. The maximum FEC values are (.8, 0.56,
0.31 and 0.08 of L1B with 100%, 75%, 50% and 0% SOC, respectively.
The higher the FED/FEC, the greater the toxicity of the effluent and FEC
of 1 corresponds to loss of evacuation capability for half of the exposed
people. Therefore, the results indicate that a critical situation might
occur if the toxic gases are released in an electric vehicle in the case of a
thermal event caused by LiBs.

The consequences are increased due to the fact that the maximum of
emissions occur, for all irritant gases, almost at the same time, as shown
in Fig. 14. Fig, 17 shows the peak FEC values contributed from each
kind of irritant gas to illustrate the relative importance of the individual
toxicants. The sum of contributions from HF and 503 accounts for 90%,
85%, 88%: and 91% of all irritant gases released from 100%, 75%, 50%
and 0% SOC. The data clearly show that HF and S0, are more im-
portant than the other gases. Thus, LiPFg needs to be replaced with a
safer, and more environment-friendly sait in the future and the use of
additives may lower the overall safety level after taking the smoke
toxicity into consideration.

5. Conclusions

This paper presents a comprehensive study on the thermal and toxic
hazards of 68 Ah pouch lithium iron phosphate batteries conducted in
1/2 150 full scale test room under well-defined conditions.

It is observed that the bauteries experience a peaceful burning stage
with a small flame before the onset of thermal runaway, which is
beneficial for possible early warning and emergency management. The
jet flame reaches a length of 55 cm for the fully charged battery, which
is more than 2.5 times that of the length itself. The normalized HRR
value of the fully charged LIB is almost equivalent 1o that of gasoline.
The thermal hazards have been quantitatively evaluated by combining
the effects of convective and radiative heat and the batteries with
higher SOCs are found to have greater thermal risks.

The major toxic gases analyzed in the experiments are CO, HF, S0,
NO;, NO and HCI, The production of all these gases increases with SOC.
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Pig. 17. The peak FEC values contributed from each irritant gas of LIBs with different SOCs.

FED and FEC models are used to perform a quantitative evaluation of
the combined effects of toxic gases released from a LIB fire. According
to the results, the effects of irritant gases are much more significant
than those of asphyxiant gases with the difference being more than one
order of magnitude. The maximum FEC value is 0.8, which means that
nearly half of the exposed people will lose the evacuation capability in
such a fire scenario. Besides, HF and SO, have much greater effects than
the other toxic gases.
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Lithium-ion batteries are widely used for renewable energy storage and to deliver mobile power because of their
high energy densities and electromotive forces. However, such batteries can catch fire and explode, potentially
causing casualties and property dainage. Here, we used a cone calorimeter to investigate the fire risk and assess
the associated heat release rate (HRR). Standard cyhindrical battery fires {feature two combustion stages, the first
of which is characterized by diffusion-like flames and the second by paniially prentixed flames with a higher peak

HRR and a violent explosion. The overall combustion preperties depend principally on the state of charge (SOC).
A higher SOC baltery is associated with a higher maximum HRR, a shorter HRR peak-to-peak time, larger CO and
CO; emissions, and a greater instantaneous mass loss, The average rate of heat emission based on the imeasured
combustion properties is introduced and its maxinuun value is expected to predict reactivity and explosiveness
comprehensively in the event of fire.

1. Introduction

Fossil fuel has been restricted in the use of energy source because it
causes various environmental problems such as air pellution and global
warming, and hence many efforts are being made to replace it with
renewable energy. Since the new energy is produced on small scale and
intermittently, it is necessary to introduce an energy storage systems
(ESSs). Rechargeable batteries are a key component of ESS and the
battery use is rapidly increasing for home and electric vehicles (Poizon
and Dolhem, 2011). In particular, lithium-ion batteries among second-
ary batteries are most commercialized because of the advantages of
heavy metal free, no memory effect, and high energy density. Because
the electrolyte is a combustible organic solvent, and the anode, cathode,
and separator are also made of a combustible material containing un
stable lithium, a fire or explosion caused by thermal runaway after
physical, electrical, or thermal failure is possible (Zalosh et al., 2021)
and this safety problem must be solved for more wide use (Tarascon and
Armand, 2001),

The combustion properties associated with battery fires and explo-
sions include the heat release rate (HRR), toxic gas concentration, and
smoke yield. The most representative physical property is the HRR; this
predicts other important physical quantities and also fire and explosion
severity. The HRRs of rechargeable battery fires have been extensively
studied (Cuyang et al., 2017, Larssen et al., 2014a; Larsson et al., 2014b;
Tarascon and Armand, 2001; Chen et al. 2016, 20174, 2017b; Henriksen
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et al.,, 2019; Andersson et al,, 2016; Ribiere et al., 2012; Walters and
Lyon, 2016; Chena et al., 2020b; Liu et al., 2015, 2016). The HRRs of
lithium-ion batteries are measured using principally conventional cone
calorimeters; oxygen consumption rates are assessed. The maximum
HRR of a standard cylindrical battery increases as the state of charge
(80C) increases. Also, the greater the heat flux of the radiant heater that
irradiates the specimen, the higher the maximum HRR; the experimental
conditions thus affect the HRRs (Fu et al., 2015; Poizot and Dolhem,
2011; Ouyang et al., 2017). Practical studies on real-world battery cells,
have examined the effects of battery arrangement and type on fires. The
relevant parameters include the mass reduction rate, the ignition time,
the HRR, the total heat release (THR), and fire behavior. Some studies
used Fourier transform infrared spectroscopy (FTIR) te evaluate overall
toxicity; gas concentrations were measured during combustion. Other
HRR assessments employed copper slug battery calorimetry (CSBC)
based on the heat transfer laws, and bomb calorimeters that measured
the calorific values of chemical reactants (Andersson et al., 2016; Liu
et al., 2015, 2016; Walters and Lyon, 2016). When an explosion occurs
during a fire, the risk is increased and damage may spread. Most
experimental studies measured pressure changes when explosions
occurred in constant-volume chambers (Chena et al., 2020a; Henriksen
et al,, 2019); few works sought to predict and evaluate the explosive
properties of battery fires.

Even though there are a lot of studies on a lithium ion-battery fires,
there was a few study that classified a battery fire by the expected

Received 24 February 2022; Received in revised formi 23 June 2022; Accepted 21 July 2022

Available online 19 August 2022
0950-4230,E 2022 Elsevier Ltd. All rights reserved.



SW. K et al.

participating components (Fu et al., 2015; Chen et al., 2017b) and no
studies have been conducted to classify it based on the combustion
characteristics. Also, a new parameter to indicate combustion degree
including explosiveness and define fire hazard is needed for a battery
fire. We explored lithium-ion battery fires in terms of their character-
istics and explosion risks. We used a cone calorimeter to measure
combustion characteristics including the HRR, CO and CO; concentra-
tions, particle density, and mass loss as revealed by the SOC. Through
the experimental results, we classified the fire stages based on the
combustion characteristics, and introduced a parameter that assesses
battery fire explosiveness and verified that it could be used to evaluate
the overall safety of a lithium jon-battery,

2, Experiments

Several combustion properties of a lithium-ion battery were
measured using a cene calorimeter. A standard Samsung cylindrical
battery (INR, 18650-35E) equipped with a protection circuit was used in
all experiments; the diameter and length were 18.55 mm and 69 mm
respectively, The battery capacity was 3500 mah; lithium-Nickel-
-Cobalt-Manganese (NCM) served as the cathode material; the anode
was graphite. When charging the battery to 100, 50, and 0%, we
assumed that the charged energy was proportional to the power P = V2/
R; we read the battery voltages between the fully charged state (100%
S0C) and full discharge (0% SOC).

The cone calorimeter HRR test followed the procedure of the ISO
5660-1 standard (1SO 56560-1, 2018); a schematic is shown in Fiz. 1. The
battery was fixed to a stainless steel specimen holder of 54 mm in height,
with an aperture of 94 x 94 mm. As the battery may swell or deform
when heated, it was fixed in the center of the frame using 0.8 nun thick
metal wire at a spacing of 20 mm. Downstream of the duct connected to
the hood, a sampling tube was installed to measure the concentrations of
gases emitted; the mass flow rate was calculated using the dynamic
pressure obtained by the pitot tube and the temperature of the K-type
thermocouple. Mass change over time was recorded using a load cell and
the particle density measured by a laser detector system based on light
extinction; the soot extinction coefficient was set to 10.3.

The lithium-ion battery in the holder was ignited from above by a

Joumnal of Loss Prevention in the Process Indusiries B0 (2022) 104851

radiant cone heater. The heating power was 30 kW and all experiments
commenced after the heater attained that power. The volume flow rate
discharged to the duct through the hood was set to 24 1/min, and the
delay times for all measurements during sampling of O,, CO, and CO,
were corrected and synchronized over time. The HRR was based on the
oxygen consumption rate, assuming that the heat of combustion was
13.1 MJ/(O3)kg. As combustion is always incomplete, the CO concen-
tration was measured and used for correction of the HRR assessments
(iSO 5660-1, 2018).

3. Results and discussion

Fig. 2 shows photographs taken as the battery went on fire at 50%
SOC. Smoke resembling flammable vapor emitted from the heated bat
tery was ignited at 295 s and the flame persisted for about 30 s, Strong
combustion accompanied by an explosion was observed at 361 s. This
affected the entire test area; combustible vapor that leaked between the
first and second combustion filled the space. The fire then rapidly
declined and was completely out by 421 s. The second stage combustion
was similar to that of a partial premixed flame, with an explosion. At
100% SOC, the first and second combustion stages were observed at 245
and 275 s respectively. The overall pattern was similar to that at 50%
SOC, but ignition was earlier for both stages and the explosion stronger
as revealed by flame luminosity. At 0% SOC, the first combustion was
observed at 280 s, followed by the second combustion at 520 s as the
smoke ignited. Compared to the 100% SOC and 50% SOC fires, the
second combustion differed greatly, being both delayed and lacking an
explasion.

Fig. 3 shows the concentrations of Oy, CO, and CO, during the 50%
SOC fire. As all oxidization was attributable to oxygen in the sur
rounding air, the oxygen concentration of the post-flame region
approximately indicates the extent of oxidation. However, lithium-ion
battery fuel includes not only the various electrolytes but alse oxygen
added via combustion of lithium oxide; this can create errors when
evaluating the HRR based on the oxygen consumption rate. Two large
reductions in oxygen concentration were observed at the times of both
combustions as shown in Fig. 3. The time at which the oxygen concen-
tration first decreased was also the ignition time; the ignitions of the first
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Fig. 1. Schematics of the lab-scale cone calorimeler and the experimental equipment.
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Fig. 2. Screenshots iaken at various times during the fire test at 50% SOC.

and second combustion stages occurred at 290 s and 57 s later. Although
the CO, and CO concentration peaks were delayed by several seconds
compared to those of O,, the peak CO and CO, times were the same,
confirming that the overall oxidation involved the organic solvents
{carbonates) of the electrolyte. In addition, the CO/CQ; ratio as well as
the concentrations were larger in the second than the first peak. A cone
calorimeter test has been performed in over-ventilation condition in
which sufficient oxidizing agent is present by the ambient air. The
reason why a lot of CO generated in the combustion process is not
converted to CO; is considered to be due to insufficient residence time,
which indicates that the flow time (or mixing time) is staller than the
chemical time for CO to be converted inte COy. Comparing the con-
centrations of CO and CO; at the two HRR peaks in Fig. 3, the CO/CO;
ratio in the 2nd combustion stage is higher than in the 15t combustion
stage. Considering that the 1st combustion stage is characterized by a

diffusion flame and the 2nd combustion stage is by a partially premixed
flame, it can be confirmed that the relatively high concentration of CO is
due to the small flow time (or mixing time) in the process of conversion
to CO,. As the ratio reflects the extent of incomplete combustion, the
first combustion occurred in an over-ventilated condition; the battery
oxidizing agents affected the stoichiometry. The overall concentrations
of CO and CO; at 100% and 0% SOC were similar to those at 509 SOC.

Fig. 4 shows the mass change of the 50% SOC battery measured by
the load cell. The mass decreased at all times except initially regardless
of flame presence or absence; the mass loss rate was greatly dependent
on combustion. As heating commenced, mass reduction was gradual, but
became larger after 300 s and very rapid with an overshoot caused by
pressure generated by the instantaneous explosion at 350 5. When the
mass loss during fire was compared with the oxygen consumption in
Fig. 3, the mass reduction that occurs very slowly in the beginning is not
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Fig. 3. Mole fractions of Oy, CO, and CO; as a function of time during the 50% SOC battery fire.
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Fig. 4. Mass change and mass loss mie during the 50% SOC battery fire,

sufficient to produce a flammable concentration, and then when it is
ejected with a larger mass rate, it is ignited and appears in the form of a
flame within the first combustion stage. A large amount of combustible
materiai had leaked in the flames at the end of the first combustion
stage, became mixed with air inside the test section, and ignited
instantaneously at 350 s. This large amount of combustible gas and the
adequate mixing time produced an explosive flame and a larger HRR.
The mass change during the 1008 SOC fire was similar to that of the
50% SOC fire but began earlier and was more rapid during second-stage
combustion. At 0% SOC, no rapid mass reduction was observed during
fire.

Fig. 5 shows the HRRs calculated using the oxygen consumption
rates but then corrected for incomplete combustion by reference to the
CO levels. As the overall HRR profile of the 50% SOC battery is near

identical to the oxygen consumption rate of Fig. 3, any effect of
incomplete combustion on the HRR was significant. The maximum
HRRs were 5.04, 4.26, and 2.31 kW at 100, 50, and 0% SOC respectively;
the maximum HRR increased significantly as SOC increased, and was
larger than those of previous studies (Fu et al., 2015; Ribiere et al., 2012;
Cuyang et al., 2017), perhaps because the materials used and the
heating conditions varied. The various battery manufacturers employ
different electrolytes and electrodes, and the heat fluxes of radiant
heaters of the same power vary by heater location and angle. The effect
of the SOC on the HRR is clearly reflected in the time between the two
peaks and the maximum value. A shorter peak-to-peak time was ob-
tained at a higher SOC; that time was very long at 09 SOC and the fire
was not associated with an explosion. However, the ignition delay time
at which leaked combustible gas began to react was independent of the
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Fig. 5. HRRs of the Li-ion battery at different charge states during a fire.

socC.

The energy release rate can also be estimated using the average en-
ergy per unit mass of all battery components and the mass loss rate
during fire,

G ) My AH,

where fitg,, the mass loss rate of the sample, AH, the heat of combustion,
and y is the combustion efficiency which assume that all released mass is
not being converted to energy. As the bulk heat of battery combustion
was 6.2 MJ/kg and the combustion efficiency 0.78 (Eshetu et al., 2013),
the overall HRR curve is similar to the mass loss rate of Fig. 4, which is

characterized by a rather short reaction time and a large maximum HRR.
At 50% S0C, the maximum HRR based on the mass loss rate is about 25
kW, thus much larger than that yielded by the oxygen consumption rate
(4.1 kW). The overestimation of peak HRR calculated by mass loss rate
mainly suggests the assumption of all the potential combustion energy
being released is far from being correct even though the effect can be
included as the combustion efficiency. In addition, the reacting time
varies greatly depending on HRR estimating method, which results from
whether the time for mixing and reaction with the surrounding oxidizer
is taken into account.

Particle density was measured using a laser extinction method in the
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Fig. 6. Particle densities of the Li-ion battery fires at different SOCs. The Ist combustion stage 1s ndicated for 50% SOC battery.
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duct of the cone calorimeter and the results depict in Fig. & Among the
various particles emitted during a battery fire, the possible substances to
be detected by light extinction method may include the condensed gases
including hydrocarbons, the metal oxides such as lithium, and scot
particles, Although it is difficult to know exactly the fraction between
the expected substances because the component analysis of the product
particles was not performed in this study, soot might be the most sig-
nificant particle considering the off-gases and the extinction coefficient
of each material in the previous study. As shown in Fig. &, two peaks are
continuously found in the particle concentration simifar to HRR, but it
can be confirmed that all of them occur in the 1st combustion stage. That
is, considering that the 1st combustion stage can be characterized as a
diffusion flame, it can be inferred that soot is the main particle and some
oxides or condensed particles are sequentially emitted without com-
bustion. Also, it is found that the particle density is hardly detected at
100% and 50% SOC in the 2nd combustion stage, confirming that it isa
characteristic of a partially premixed flame.

Fire hazard and risk have been evaluated by instantaneous HRR or
total heat release in general fire, but a lithium-ion battery is composed of
various heterogeneous combustible materials and is greatly affected by
the thermal environment in case of fire (Fu et al,, 2015), The results of
this study show that various physical quantities such as two HRR peaks,
the peak to peak time and whether explosion occurs according to the
SOC were different from general fires. Therefore, the more compre-
hensive parameter is required to indicate combustion degree including
explosiveness and define fire hazard for battery fires, in which the effect
of SOC should be implicitly included in the parameter. When lithium-ion
batteries catch fire, it is known that a larger SOC induces greater
explosiveness as qualitatively confirmed by flame luminosity and mass
loss overshoot. This can be quantified using various empirical proper-
ties. The shorter the HRR peak-to-peak time, the faster the battery mass
decreases; the shorter the ignition delay time, the greater the explo-
siveness. The average rate of heat emission (ARHE) defined as the cu-
mulative heat emission divided by time considers these data. The peak
value {Maximum average rate of heat emission, MARHE) can be
considered a good measure of the propensity for fire development
generally; MARHE usefully represents explosiveness in this study. The
ARHE is:
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ARHE(t,) = i(,_ — |)>c“-"' +2‘I.. 1 ]/{;,, — 1)

where 1, and g, are the time and heat release rate of the n™ datum
respectively. Fig. 7 illustrates the ARHEs and MARHEs derived from the
HRRs of the three battery fires and Table | summarizes the combustion
properties measured in the cone calorimeter {including the MARHE. The
ARHE of Fig. 7 increases rapidly during the two combustion stages and
then decays; the MARHE appears after the second HRR peak because of
the time integral characteristic of the ARHE. As the SOC increases, so
does the MARHE, because the ARHE is related to the overall HRR, the
difference in the HRR peak-to-peak time, and the ignition delay time.
Therefore, the MARHE might be very effective to predict the combustion
degree and define hazard in the lithium-ion battery fires, and can be
used a parameter to evaluate the explosiveness of clustered- and single-
celled batteries. However, MARHE cannot be used directly for all battery
fires, and hence more general parameter should be suggested through
investigating the capacity and geometrical effects of batteries in the
future,

4, Conclusion

We performed cone calorimeter experiments to investigate the fire
characteristics of a lithium-ion battery including the HRR. A standard
cylindrical battery equipped with a protection circuit was used in all
experiments, and the concentrations of Oy, CO, and CO,, the mass loss;
and particle density were measured, The results may be summarized as
follows.

1. The fire characteristics for 100, 509 and 0% SOC batteries

Table 1

Combustion properties yielded by battery fire tests at 100, 50, and 0% SOC.
s0C Alp,d Han 1y (3) AHRR,,.L MARHE CMARHE
(%) (s) (g) (kw) (kW) (s}
100 33 17.0 249 4.13 0.32 353
50 52 10.3 291 2.89 0.28 ass
1} 242 N/A 285 132 0.12 571
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featured two combustion stages. 1st and 2nd combustion stages were
characterized by a diffusion flame and a partially premixed flame
respectively based on combustion characteristics, which can be sup-
ported by various experimental results. An explosion occurred at the 2nd
combustion stage for 50% and 100% SOCs batteries but no explosion for
0% SOC. Such an occasional explosion means that 2nd combustion
stages is controlled by a partial premixed condition and whether ex-
plosion occurs or not is determined by premixedness. Also, comparing
the concentrations of CO and CO; at the two HRR peaks, the CO/CO,
ratio in the 2nd combustion stage is higher than in the 1st combustion
stage. Considering that the 1st combustion stage is characterized by a
diffusion flame and the 2nd combustion stage is by a partially premixed
flame, it can be confirmed that the relatively high concentration of CO is
due to the small flow time (or mixing time) in the process of conversion
to COy. Lastly, particle concentration, unlike HRR or other gases, was
detected only in the 1st combustion stage. Considering soot is the main
particle emitted from a battery fire, it implies that 1st combustion stage
can be characterized as a diffusion flame.

2. The HRR based on the oxygen consumption rates featured two
peaks and clearly depended on the SOC; a high SOC was associated with
a shorter peak-to-peak time, a higher peak HRR and a strong explo-
siveness. Considering these different features of lithium ion battery, a
comprehensive parameter other than HRR and total heat release was
required to indicate combustion degree including explosiveness and
define fire hazard. As the MARHE considers the instantaneous maximum
HRR, the peak-to-peak HRR time difference, and the ignition delay time
implicitly, it can be used as an important parameter to evaluate the
comprehensive risk such as explosion of a lithium-ion battery in the
event of fire.
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Health Effects of Diesel Exhaust

Afact sheet by AMERICAN
Cal/EPA's Office of Environmental Health Hazard Assessment and :F ASSOCIATION.
The American Lung Association of California. of Catforie

Diesel fuel is widely used throughout our society. It powets trucks that deliver products to our
communities, buses that carry us to school and work, agricultural equipment that plants and hatvests
our food, and backup generators that can provide electricity during emergencies. It is also used for
many other applications. Diesel engines have historically been more versatile and cheaper to run
than gasoline engines or other sources of power. Unfortunately, the exhaust from these engines
contains substances that can pose a risk to human health.

In 1998, the California Environmental Protection Acency’s Office of Envirtonmental Health Hazard
Assessment (OEHHA) completed a comprehensive health assessment of diesel exhaust. " Phis .. ;«q

-

assessment formed the basis for a decision by the Calif

OrNia Resources B (ARB) to formally

identify particles in diesel exhaust as a toxic air contaminant that may pose a threat to hummmj
The American Lung Association of California (ALAC) and its 15 local associations work Efpreve;ifﬁ@
lung disease and promote lung health. Since 1904, the o ! :i
American Lung Association has been fighting lung ~ 3
disease through education, community service, advocacy Diesel eXhG US.E -
and research. =

1
-
contains morg 3
This fact sheet by OEHHA and ALAC provides 2 >
mnformation on health hazards associated with diesel th n 40 tOXIC air

exhaust. contaminants

What is diesel exhauste

Diesel exhaust is produced when an engine burns diesel fuel. Itisa complex mixtutre of thousands of
gases and fine particles (commonly known as soot) that contains more than 40 toxic ait
contaminants. These include many known or suspected cancer-causing substances, such as benzene,
arsenic and formaldehyde. It also contains other harmful pollutants, including nitrogen oxides

(a component of urban smog).

How are people exposed to diesel exhaust?

Diesel exhaust particles and gases ate suspended in the air, so exposure to this pollutant occurs
whenever a person breathes air that contains these substances. The prevalence of diesel-powered
engines makes it almost impossible to avoid exposure to diesel exhaust or its byproducts, regardless

of whethet you live in a rural or urban setting. However, people living and working in urban and

industrial areas are more likely to be exposed to this pollutant. Those spending time on ot near roads

~

and freeways, truck loading and unloading operations, operating diesel-powered machinery or




working near diesel equipment face exposure to higher levels of diesel exhaust and face higher health
tisks. - a

What are the health effects of diesel exhaust?

As we breathe, the toxic gases and small particles of diesel exhaust are drawn into the lungs. The
microscopic particles in diesel exhaust are less than one-fifth the thickness of a2 human hair and are
small enough to penetrate deep into the lungs, whete they contribute to a range of health problems.

Diesel exhaust and many individual substances contained in
it (including arsenic, benzene, formaldehyde and nickel)

have the potential to contribute to mutations in cells that Dlesel eth ust

can lead to cancer. In fact, long-term exposure to diesel increa ses fhe risk Of
exhaust particles poses the hichest cancer risk of any toxic

air contaminant evaluated by OEHHA. ARB estimates that cancer...

about 70 percent of the cancer risk that the average
Californian faces from breathing toxic air pollutants stems from diesel exhaust particles.

In its comprehensive assessment of diesel exhaust, OEHHA analyzed more than 30 studies of people
who worked around dicscl equipment, including truck drivers, railroad workers and cquipment
operators. The studies showed these workers were more likely to develop lung cancer than workers
who were not exposed to diesel emissions. These studies provide strong evidence that long-term
occupational exposure to diesel exhaust increases the risk of lung cancer. Using information from
OEHHA'’s assessment, ARB estimates that diesel-particle levels measured in California’s air in 2000
could cause 540 “excess” cancers (beyond what would occur if there were no diesel particles in the
air) in a population of 1 million people over a 70-year lifetime. Other researchers and scientific
organizations, including the National Institute for Occupational Safety and Health, have calculated
cancer risks from diesel exhaust that are similar to those developed by OEHHA and ARB.

Exposure to diesel exhaust can have immediate health effects. Diesel exhaust can itritate the eyes,
nose, throat and lungs, and it can cause coughs, headaches, light-headedness and nausea. In studies
with human volunteers, diesel exhaust particles made people
with allergies more susceptible to the materials to which they
. And it can cause  areallergic, such as dust and pollen. Exposure to diesel
exhaust also causes inflammation in the lungs, which may
coug hS a nd aggravate chronic respiratory symptoms and increase the

agg ravate ast h ma frequency or intensity of asthma attacks.

Diesel engines are a major source of fine-particle pollution.
The elderly and people with emphysema, asthma, and chronic heart and lung disease ate especially
sensitive to fine-particle pollution. Numerous studies have linked elevated patticle levels in the air to
increased hospital admissions, emergency room visits, asthma attacks and premature deaths among
those suffering from respiratory problems. Because children’s lungs and respiratory systems are still
developing, they are also more susceptible than healthy adults to fine particles. Exposure to fine

particles is associated with increased frequency of childhood illnesses and can also reduce lung
function in children.



Like all fuel-burning equipment, diesel engines produce nitrogen oxides, a common air pollutant in
California. Nitrogen oxides can damage lung tissue, lower the body’s resistance to respiratory
infection and worsen chronic lung diseases, such as asthma. They also react with other pollutants in
the atmosphere to form ozone, 2 major component of Smog.

What is being done to reduce the health risks from diesel exhaust?

Improvements to diesel fuel and diesel engines have already reduced emissions of some of the
pollutants associated with diesel exhaust. However, diesel exhaust is still one of the most widespread
and toxic substances in California’s air.

ARB’s Diesel Risk Reduction Plan, when fully implemented,

will result in a 75 percent reduction in particle emissions from Di I h }
diesel equipment by 2010 (compared to 2000 levels), and an Iesel exnaus

85 percent reduction by 2020. The plan calls for the use of contri bU'I'eS to smog
cleaner-burning diesel fuel, retrofitting of existing engines with . .
particle-trapping filters, and the use in new diesel engines of a nd fi ne-pa r'I'ICIG
advanced technologies that produce neatly 90 percent fewer P OI I ution

particle emissions, as well as the use of alternative fuels.

The use of other fuels, such as natural gas, propane and

electricity offer alternatives to diesel fuel. All of them produce fewer polluting emissions than
current formulations of diesel fuel. As a result of ARB and local air-quality regulations, public transit
agencies throughout California are using increasing numbers of passenger buses that operate with
alternative fuels or retrofitted equipment.

For further information

Office of Environmental Health Hazard Assessment

1001 T Street, P.O. Box 4010, Sacramento, CA 95812-4010
(916) 324-7572

www.oehha.ca.cov

Air Resources Board

1001 I Street, Sacramento, CA 95814
(800) 363-7664

www.atb.ca.cov

American Lung Association of California
921 11" Street, Suite 700, Sacramento, CA 95814
(916) 442-4446

For your local office, call (800) LUNG-USA

WWW. cah'fornialung‘org

The energy challenge facing California is real. Every Californian needs to take immediate action to redsce energy consumption. For a list of
simple ways you can reduce dermand and cut your energy costs, see OEHHAs web site at www.oehha.ca.gov
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