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Home

Massive Scale

Aquifer Damage

Thousands of acres are to be cleared if the project is approved.

Taxes will go up
Consumer price for electricity will go up

Property values will go down

Water pressure is going to go down and access to well water will be diminished.

Toxic runoff and contamination of our water supply

The 5th largest in the United States. All of the four larger U.S. solar power plants (above
500 MW) are located in remote desert areas of California and Nevada. Furthermore, all
14 solar power plants in the U.S. that are 250 MW or greater are in California, Nevada

and Arizona.
The “solar heat island effect” could significantly impact the local climate of the site and

surrounding areas. This risk is scale dependent, and much more research is needed to
understand and mitigate the impacts in this region, near residential neighborhoods,
farms, schools. Current studies of this effect are based on 1 MW facilities. One
megawatt. The Spotsylvania plant ... is 500 MW.

sPower needs more than 200 million gallons of water during 18 months of construction.
(The company originally estimated more than 300 million gallons. After Concerned
Citizens first flagged this as a danger to the aquifer, sPower reduced the estimate.) In any
event, sPower plans to withdraw the water they need from new large wells. The state
will not impose restrictions on water usage. Any restrictions must be imposed by the
county via the Special Use Permit conditions.

In addition, sPower estimates that 8 million gallons per year is needed during operation.
The water will be used for landscaping and panel washing. Peak loads during panel

washing could be millions of gallons in a few days.
Excessive extraction of water from new large capacity wells could lower groundwater

levels and irreversibly damage the aquifer.

A recent geology study by GEO SEER concludes: “The local aquifer is not robust enough
to sustain industrial taps in quantity to supply water to a solar power site of the
proposed magnitude... The current plan, as provided by sPower, would lead to the

collapse of the area aquifer.”
There are thousands of households that depend on well water in Spotsylvania County.

Many of these residents report problems with their wells during periods of drought.
Further stress on the aquifer could exacerbate the problems, requiring Spotsylvania

County to spend millions of dollars to supply drinking water.
This is no longer an issue. sPower has made the commitment to utilize only municipal

water, and will consider groundwater only during the emergency scenario of a municipal
water system failure (which would be capped at 10 days of use).

All current timber management and harvesting practices are being conducted by the current property
owner.

This is incorrect.

The project is selling into the PJM wholesale market, and has no impact on the cost of electricity for a
VA rate payer. The VA electricity rate are exclusively determined by the SCC.

There is no evidence for this, nor is there a clear consensus on the effect of solar farms on neighboring
property values, positive or negative.

This is untrue. sPower has made the commitment to utilize only municipal water, and will consider
groundwater only during the emergency scenario of a municipal water system failure (which would be
capped at 10 days of use). sPower has also committed to a private/public partnership to enhance the
municipal water system with the county.

Cadmium Telluride is not the same thing as free Cadmium. Cadmium Telluride (CdTe) is an extremely
stable, nontoxic compound. sPower has provided thorough evidence and research to County Staff
demonstrating the chemical stability of CdTe. This research has demonstrated Cadmium Telluride is
non-toxic, and passes EPA standards for environmental and human health and safety.

As the price for solar has dropped, solar energy has become cost-effective in areas, such as Virginia,
that previously were not cost-competitive and solar facilities can operate in new environments
outside of deserts.

While it is true that temperatures within the solar field may be a few degrees higher than the
surrounding area, studies have found that the temperature difference dissipates quickly in just a few
feet above and away from the solar site, especially with vegetation and trees, and berms. The data
also demonstrates the solar fields cool-off completely at night, making heat-island effect unlikely. The
research also indicates that scale should have no effect on these findings as the solar fields increase in

size.
After listening to community concerns, sPower has redesigned the grading and developments plans for

the project that were initially proposed, which consequently reduced the anticipated water need to
less than 100,000 gallons per day. It is worth noting this new grading plan comes at a considerable
economic cost. sPower has made the commitment to utilize only municipal water, and will consider
groundwater only during the emergency scenario of a municipal water system failure (which would be
capped at 10 days of use). sPower has also committed to a private/public partnership to enhance the
municipal water system with the county.

This is inaccurate. Water usage will be minimal during the operations phase of the project.
Spotsylvania County receives more than enough annual precipitation to render panel washing
unnecessary.

This is no longer an issue. sPower has made the commitment to utilize only municipal water, and will
consider groundwater only during the emergency scenario of a municipal water system failure (which
would be capped at 10 days of use).

This is no longer an issue. sPower has made the commitment to utilize only municipal water.

This is no longer an issue. sPower has made the commitment to utilize only municipal water.

This is no longer an issue. sPower has made the commitment to utilize only municipal water.

It is worth noting that these stands are on a 20-year harvest rotation, which means the current
clear cut conditions are nothing new or out of the ordinary, and future clear cuts would be

anticipated if the property stays in current land use.
The s Power proposed site will actually generate more tax revenue to include approaximately

$10 million vs. $700,000 as compared to current tax rate
The SCC has determined our project will have no impact on consumer rates

Values of real estate has more to do with location and market. The Fawn Lake community will
s00 no adverse impact to property values due to this project. To conclude otherwise is mere
speculation.

sPower has agreed to pay for municipal water as opposed to on-site wells for groundwater.
Furthermore, when approached by Spotsylvania County regarding water utility improvements
which had been contemplated for years, but lacked sufficient county funding, sPower agreed to
a public-private partnership to cost-share the improvements. sPower feels this has been

addressed and clarified multiple times.
Refer to the CdTe panel safety and integrity Executive Summary previously provided to County

Staff (Exhibit 1)

Renwables are becoming a more in demand energy supply and technology offtakers are driving
much of this demand

Refer to the Heat Island Effect Executive Summary previously provided to County Staff
(Exhibit2)

Power has a greed to public-private partnership to cost-share the improvements.



Toxic Materials

Erosion and Runoff

The 1.8 million photovoltaic solar panels will contain approximately 100,000 pounds of
Cadmium, which is a highly toxic carcinogen.

sPower denies any health risk from the Cadmium in the panels, but scientific studies
show that leaching of Cadmium from broken panels occurs over time. Scientific studies

show very high quantities of Cadmium can leach out in a few months in acidic conditions.

Our soil and Virginia clay are acidic, so rapid and thorough cleanup of any damaged

Cadmium-containing panels is critical.
Toxic chemicals such as herbicides and pesticides should be carefully controlled and only

applied by certified professionals.
Cleaning agents may also be toxic to the environment. sPower indicates that cleaning
agents will not be used, as such would void their warranties on solar panels.

Severe weather such as a tornado, hurricane, or derecho -- now somewhat common
occurrences in central Virginia, and typically accompanied by heavy rains -- could cause
widespread destruction of solar panels and subsequent leaching of Cadmium, followed
by toxic and carcinogenic runoff into Spotsylvania's water supply.

sPower has not produced any scientific reports that show what happens to the Cadmium
contained in solar panels during such a catastrophic event. We know that tornados and
hurricanes have hit large solar plants - where are the scientific reports of what was

found, and how it was cleaned up?
Consider the possibility of a lightning strike and fire. The site will have hundreds of

thousands of steel piles driven in the ground attached to metal frames - magnets for
lightning. This in an area the size of Fredericksburg with a few gravel roads, no fire
hydrants, no fire station. How will our emergency responders be able to handle it?

Most of the 6,350 forested acres have been logged and will be cleared. Significant soil
regrading is anticipated to provide vast flat fields for the solar panels.

Specific plans are needed to prevent severe muddy runoff problems, such as recently
encountered in Essex County due to construction of a 200 acre solar farm -- after only
1/2" of rain

The soil in our area is not hydric, so rainwater will not percolate into the soil, but instead
will rapidly runoff the Virginia clay which will be exposed by regrading the site. As noted
on our Toxic Materials page, if the runoff contains such materials, big problems might
arise such as water contamination, killing of fish and the endangered dwarf

wedgemussel. etc.
Several environmentally important streams run through the property. Robertson Run

and McCracken Creek are designated Threatened and Endangered Species Waters.
Runoff would flow into the Po, Mattaponi, and York Rivers, and then into the
Chesapeake Bay. In addition, Plentiful Creek has a “moderate” environmental
significance rating. These waterways and wetlands must be protected to avoid

environmental harm. which could flow all the wav into the Chesapeake.
The reason that sPower must buy 6350 acres to install 3500 acres of solar panels is

because the rest of the site is either wetlands, or is too steep to install panels. This site
has a lot of streams and wetlands. It is not the typical topography for a solar power plant
of this size. The environmental risks here are much greater.

Cadmium Telluride (CdTe) is not the same as raw Cadmium. Cadmium Telluride is incredible stable and
passes EPA standards for environmental health and safety.

The one (1) study the citizens are referring to is "Leaching of cadmium and tellurium from cadmium
telluride (CdTe) thin-film solar panels under simulated landfill conditions" by Ramos-Ruiz et al. It is
worth noting this particular study does not simulate real-world conditions for several reasons, and the
citizens neglect to mention all of the study's findings: in particular that the results from the EPA TCLP

analvsis were negligible.
sPower agrees and will follow all applicable permits for the application of these substances.

This is correct, and as mentioned previously, there is no anticipated need to clean the panels due to
the high amount of precipitation in the county.

These panels are designed to withstand sever weather events. In the instance a panel is damaged, our
real-time monitoring systems will allow us to identify and replace damaged panels instantly.

We have provided a whole Executive Summary containing multiple studies on the topic.

sPower has coordinated with county FREM and discussed fire safety and emergency response access,
which is covered in our Emergency Response Plans, which were provided to County Staff.

sPower has made significant and costly modifications to our grading plan, reducing the amount of
grading and earthwork than what was previously proposed. Also, the project will be phased with only
400 acres open and active at any one time in any one watershed.

sPower has committed to several Stormwater and Erosion control measure that go above and beyond
what is required by county and state regulations, including but not limited to: sediment basins that are
over-sized for their respective drainage areas, an accelerated sediment removal regime (cleaning the
basins twice as frequently as required), diversion ditches on top of proposed slope to further divert
and slow runoff, and stormwater conveyance channels and ditches at full design (a level of design
effort reserved for the site development plan stage). Spotsylvania County has reviewed and approved

these desions.
See the above mentioned additional/excessive runoff control measures. Also, as previously stated

above, runoff containing CdTe is not a concern.

All streams and wetlands have 50' designated Resource Protection Area (RPA) buffers surrounding
them, as well as the above mentioned additional/excessive runoff control measures. Besides
coordinating with County staff, sPower has coordinated and consulted with all relevant State and
Federal agencies and will follow all applicable permits and regulations to ensure natural resource
protections.

All streams and wetlands have 100' designated Resource Protection Area (RPA) buffers surrounding
them, as well as the above mentioned additional/excessive runoff control measures. Besides
coordinating with County staff, sPower has coordinated and consulted with all relevant State and
Federal agencies and will follow all applicable permits and regulations to ensure natural resource
protections.

Refer to the CdTe panel safety and integrity Executive Summary previously provided to County
Staff (Exhibit 1). Also, although the issue is moot given the stability of CdTe, CCSC's calculations
seems to be inaccurate: Each CdTe panel only contains 7g of CdTe (which is, again inert).
sPower is only proposing to put 440,000 CdTe panels on site.

7g x 440,000= 3,080,000

=6.790 lbs. (inert)

Please note above reference

Refer to the CdTe panel safety and integrity Executive Summary previously provided to County
Staff (Exhibit 1)

Refer to the CdTe panel safety and integrity Executive Summary previously provided to County
Staff (Exhibit 1)

Refer to the Emergency Response Plans during both Construction and Operations (Exhibits 3
and 4)



Restoration Costs

Preserve History

Protect Viewsheds

Defend Taxpayers

The County has stated that site preparation must be done in stages, limited to 400 acres
at a time. Soil stabilization and stormwater management measures must be in place
before any additional land is disturbed. Concerned Citizens supports a staged approach.
We recommend that rather than building the entire site at once, that the project be
phased in over a period of five or more years, allowing the county board and staff
adequate time to review each phase and address development concerns, and requiring
sPower to address and mitigate them before further expanding the site. This step-wise
approach is prudent given the unprecedented size of the proposed facility.

Strict controls are needed covering selection and application of chemicals used during
construction (e.g. herbicides to clear vegetation) and operation (e.g. fertilizers,

herbicides, pesticides, cleaning agents).
sPower has indicated that they will not use biosolids to condition soil. (Biosolids, if used,

could pollute the groundwater and drinking water drawn from the rivers downstream.)

sPower is establishing Pleinmont Solar, LLC and four other LLCs for the construction and
operation of this facility.

sPower’s initial estimate for the decommissioning bond was a mere $1.2 million. They
recently increased it to $5.4 million after taking generous credits for the value of
recycled materials. Our estimates indicate that the bond should be about $100,000 per

MW, or about $50 million

Costs for decommissioning and removing all of the equipment, and remediating any
contamination must be guaranteed not only from the subsidiary LLCs, but also sPower
corporation, the actual operator of the facility.

If the site is abandoned, then the County and State -- and we the taxpayers -- will have a
large toxic waste site to clean up. Without an adequate bond, we also will not have the
money for the cleanup

Further, the restoration of the site to its original condition is likely not achievable, or will
be many years after the decommissioning of the power plant.

The proposed power plant must not detract from that aspect and the character of our
community.

However, sPower's site plan does not support that claim. They plan to install solar panels
as close as 50 ft from their property line, and not provide any sight or sound barriers
around most of the perimeter

There are many ways that this privately owned commercial enterprise -- a heavily
subsidized speculative investment propped up by price guarantees -- might adversely
affect taxpayers: through increased electricity rates, potential bankruptcies of the
"limited liability" corporations established to build and operate it once the current huge
federal and state subsidies expire, and potential loss in property values and thus the
principal tax basis of the county. And eventually, the cost to clean up the site.

The project will be completed in Phases and land disturbance will be limited to 400 acres per
watershed. All land disturbance plans are permitted and approved through the county and the state.

sPower agrees and will follow all applicable permits for the application of these substances.

This is correct.

This is correct and each one of these LLCs are wholly owned subsidiaries of sPower.

sPower and our construction partners' successful track record of developing several gigawatts of solar
energy, and years of industry experience allows us to be comfortable in our estimates. Additionally,
the solar panel have value beyond the life of the project and would be reused/redeployed in the event
of a decommissioning.

The Decommissioning Bond is guaranteed by third party bonding and given the value of the assets for
this project and financing for the same, we are confident the project will be viable for the long term as
an ongoing operational generation facility.

The site will not be abandoned; sPower has 15-year offtaker contracts with AAA+ credit rated entities.
The site is not toxic. Any bond posted will be more than adequate and reviewed on a 2-year basis.

If in 35 years sPower decides to decommission the site, rather than renew or extend operations, and
the county wishes the property to return to it's original land use, reversion back to timberland will take
the same amount of time as after a clear-cut under current use.

sPower has conducted an archeological survey of the proposed project property and submitted it to
the Virginia DHR for review. Concurrence of no adverse impact was received 9/10/18

This is incorrect. The project has designs for setbacks of 150-400 feet from the property line,
vegetated berms ranging from 6-8 ft, and 50 ft vegetated visual buffers around the property. sPower
has also conducted noise impact studies in order to mitigate construction noise. All visual simulations

and designs and noise studies have been submitted to County Staff.
1. Electricity rates will not be affected. 2. sPower will be posting a decommissioning bond to cover

removal of the project in the unlikely event anything goes South. 3. There is no clear consensus or
indication of the effect on property values, positive or negative.



Exhibit 1
Cadmium Telluride Panel Executive
Summary



Cadmium Telluride Panel Integrity and Safety
Executive Summary

It is important to distinguish that Cadmium Telluride (CdTe) is not the same as free
Cadmium.

CdTe is a very stable compound that is non-volatile and non-soluble in water. The vapor
pressure of CdTe at ambient conditions is zero. Therefore, it is impossible for any vapors
or dust to be generated when using PV modules. CdTe has a melting point of 1041°C
(1905 °F) and boiling point 1050°C (1922°F).

The panel’s thin layer of CdTe is encapsulated between two sheets of glass and sealed
with an industrial laminate, which further limits the potential for release into the
environment in the event of breakage.

Panel breakage is rare and occurs only in approximately 1% of modules over 25 years, or
0.04% per year. More than one-third of breakages occur during shipping and installation;
therefore, the broken modules are removed prior to plant operation (First Solar).

Panels are subject to a battery of reliability tests simulated for violent weather (heavy
wind, rain, hail) to ensure integrity without damage in the field
(https://www.youtube.com/watch?v=rtxgeCH31El)

Using the Toxicity Characteristic Leaching Procedure (TCLP), worst-case scenario
modeling of total release (which is, again, very implausible) of CdTe (which is, again, very
stable) from broken panels, estimated Cd concentrations in soil, groundwater, and air to
be below health screening levels, background levels, and common levels in agricultural
fertilizers. (Sinha et al. 2012)

It’s worth noting that the TCLP used in these analyses is very conservative, as it assumes
the panels break into pieces and fall directly to the ground, which is not the case: field
breakages mainly consist of various types of stress and impact fractures in which panels
remain largely intact with a number of glass fractures or cracks, rather than break into
pieces. (Sinha and Wade 2015)

Multiple sources report that CdTe PV end-of-life or broken panels pass Federal (TCLP-
RCRA) leaching criteria for non-hazardous waste. Therefore, panels could be disposed of
in landfills (NC State 2017).

Even in the case of a fire, research shows that less than 0.1% of the cadmium is released
when a CdTe panel is exposed to fire. The fire melts the glass and encapsulates over
99.9% of the cadmium in the molten glass. (Fthenakis et al. 2005)

Regarding the bigger picture:

CdTe panels do not result in more Cadmium in the environment.

Substantial quantities of Cadmium are generated as a by-product of zinc production for
steel products, regardless of how much Cadmium is used in PV. Encapsulating and
stabilizing cadmium as CdTe in PV panels presents a safer option than its current uses,
and is much more preferred to disposing it. (Fthenakis and Zweibel 2003)


https://www.youtube.com/watch?v=rtxgeCH31EI

e Phosphate fertilizers represent the major source of cadmium in agricultural soils and the
combustion of fossil fuels represents the primary source of Cd emissions to air. (Six and
Smolders 2014)

e Whenever CdTe PV replaces coal in power generation it lowers the associated Cd
emissions to air by 100-360 times. (Raugei and Fthenakis 2010)

Citations:
First Solar “CdTe PV FAQ”, 2017

North Carolina State University Clean Energy Technology Center, “Health and Safety Impacts of
Solar Photovoltaics”. 2017

Fthenakis and Zweibel, “CdTe PV: Real and Perceived EHS Risks”. Presented at the National
Center for Photovoltaics and Solar Program Review Meeting Denver, Colorado March 24-26,
2003

Fthenakis et al., "Emissions and Encapsulation of Cadmium in CdTe PV Modules During Fires,"
Progress in Photovoltaics: Research and Applications, vol. 13, no. 8, pp. 713-723, 2005.

Raugei and Fthenakis, "Cadmium Flows and Emissions from CdTe PV: Future Expectations,"
Energy Policy, vol. 38, no. 9, pp. 5223-5228, 2010. (First Solar FAQ Document)

Sinha et al., "Fate and Transport Evaluation of Potential Leaching Risks from Cadmium Telluride
Photovoltaics," Environmental Toxicology and Chemistry, 2012.

Sinha, Parikhit & Wade, Andreas. (2015). Assessment of Leaching Tests for Evaluating Potential
Environmental Impacts of PV Module Field Breakage. IEEE Journal of Photovoltaics. 5. 1-5.
10.1109/JPHOTOV.2015.2479459.

Six and Smolders, "Future trends in soil cadmium concentration under current cadmium fluxes to

European agricultural soils," Science of The Total Environment, vol. 485486, p. 319-328, 2014.
(First Solar FAQ Document)

First Solar Panel Quality Assurance Video

YouTube: “First Solar Module Reliability”
https://www.youtube.com/watch?v=rtxgeCH31El


https://www.youtube.com/watch?v=rtxgeCH31EI
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CdTe PV FAQ

First Solar.

What are the environmental benefits of First Solar’s thin film PV technology?

First Solar’'s advanced thin film PV solutions are the industry’s leading eco-efficient technology due to
their superior energy yield, competitive cost and smallest life cycle environmental impacts. [1] By using
less grid electricity during manufacturing, First Solar thin film modules have the smallest carbon
footprint and lowest life cycle water use and air pollutants of any PV technology on the market. [2] [3]
[4] [5] [6] According to a study by UNEP, CdTe PV has the lowest life cycle human health and ecological

impacts of all PV technologies per kWh of electricity produced. [7]
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What is cadmium telluride (CdTe)?
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CdTe is a semiconductor material used in First Solar PV modules that is ideal for absorbing and
converting sunlight into electricity. Because CdTe is almost perfectly matched to the solar spectrum,
First Solar modules require 98-99% less semiconductor material than conventional crystalline silicon
modules. The semiconductor layer in First Solar modules is a few microns thick, equivalent to 3% the

thickness of a human hair or less than half the thickness of a red blood cell.
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Is CdTe the same as cadmium?

No, third-party research studies have shown that CdTe differs from cadmium (Cd) due to its extremely
high chemical and thermal stability. [8] CdTe is a stable compound that is insoluble in water, has a
melting point (1041°C) and boiling point (1050°C), and a low evaporation rate. In addition, First
Solar’s thin film semiconductor is encapsulated between two sheets of glass and sealed with an
industrial laminate, which further limits the potential for release into the environment in the event of
fire or breakage.

SOLID AND STABLE COMPOUND INSOLUBLE IN WATER HIGH MELTING/ BOILING POINT LOW VAPOR PRESSURE

Does CdTe PV technology pose a risk to human health or the environment?

No. More than 40 researchers from leading international institutions have confirmed the
environmental benefits and safety of First Solar’s thin film PV technology over its entire life cycle;
during normal operation, exceptional accidents such as fire or module breakage, and through end-of-
life recycling and disposal: http://www.firstsolar.com/Resources/Sustainability-
Documents?ty=Peer+Reviews&re=&In=%20. First Solar thin film modules have been tested for safety
during breakage, fire, flooding and hail storms and meet rigorous performance testing standards,
demonstrating their durability and reliability in real-world environments. With over 17,000 MW
deployed worldwide, First Solar thin film modules have a proven record of safe and reliable
performance.

Over 180 million modules installed worldwide
with over 11,000 projects in the Americas, Europe, Middle East, Asia, and Australia

4

First Solar PV

An Environmentally
Safe Energy Source

“CdTe modules do not represent any risk for human health nor for the environment, during normal operating
conditions and in the exceptional case of fire or breakage.” [9]

- m ==

- National Renewable Energy Centre (CENER)

“Research demonstrates that [CdTe PV modules] pose negligible toxicity risk to public health and safety while
significantly reducing the public’s exposure to cadmium by reducing coal emissions.” [10]

-North Carolina State University
“...replacing coal generation with [CdTe] PV will prevent Cd emissions in addition to preventing large quantities
of CO2, SO2, NOx, and particulate emissions.” [11]

- National Renewable Energy Laboratory and Brookhaven National Laboratory

© 2017 First Solar, Inc. 20f 7
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Are First Solar modules certified to EHS, quality and durability standards?

All First Solar manufacturing plants are certified to ISO 14001 for Environmental Management, 1SO
9001 for Quality, and OHSAS 18001 for Occupational Health and Safety. First Solar modules are
certified to regional standards including UL for North America, CEC for Australia, Golden Sun for China,
MCS for the U.K. and JET for Japan. First Solar PV modules also meet rigorous performance testing
standards, demonstrating their durability and reliability in real-world environments.

Sequential Test

term harsh climate durability

Test Description Results
IEC 61646/ IEC 617 PASS
c 6 6 . 6/1EC 61730 Basic industry market entry certifications o

Certification 1500V certification level

UL1703 PV module electrical safety PASS

Fire rating Flammability testing Class A Spread of Flame
Class B Burning Brand

Multiplies basic IEC 61730/61646 test cycles PASS

ThresherTest and durations 2X to 4X <5% PowerOutputdrop
PASS

Long-Term 6-month accelerated protocol to evaluate long-

1st thin film module, and one
of only 5 modules in the

PASS

Atlas 25+ 12-month weathering-intensive certification .
Certification through projected 25+ year harsh climate field One of only 4 modules in the
lifetimes world to pass.
IEC 62804 Pemonstrates hlgh resistance to potential
PID-Resistant induced degradation at extreme + 1500V PASS
e voltages at most extreme 192hr 85C/85% RH
Certification : . ) 1500V
test levels, enabling confident floating and
grounded applications
IEC 60068 Certification Demonstrates minimal power loss and PASS
Desert Sand Resistance package integrity resistant to wind-blown
particulates
Durability benchmarking program rates modules
Fraunhofer PV Durability according to their likelihood of performing reliably PASS

Initiative

over their expected service life based on
accelerated stress testing and long-term outdoor
exposure

Best-in-class long term
durability

VDE Quality Tested

Quality certification for entire PV power plant
enhances performance, ensures electrical and
mechanical safety of the system and provides
independent verification to investors, lenders and
insurance companies.

PASS
1st PV company to achieve
certification

© 2017 First Solar, Inc.
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What could happen if modules break?

Module breakage is rare and occurs only in approximately 1% of modules
over 25 years or 0.04% per year. More than one-third of breakages occur
during shipping and installation, therefore the broken modules are
removed prior to plant operation. During operation, most breakages
consist of impact fractures in which the module is still bound together by
the industrial laminate.

Even in a worst-case leaching scenario, which assumes all the CdTe from
broken modules were to leach as cadmium into the rainfall, Cd
concentrations in soil, air, and groundwater are still below conservative
human health screening levels in California. [12]

Modelled results for worst-case leaching to soil are up to 7,000 times lower than cadmium
concentrations in common fertilizers.

Worst-case leaching to soil compared to California’s conservative health
screening value and Cd concentrations in common fertilizers (mg/kg)

100.00
10.00
1.00

0.10 1.7

0.013
0.01
Worst-case leaching to California soil Nitrogen, Phosphorus  Phosphate Fertilizer
soil screening value and Potassium (NPK)

Fertilizer

What could happen in the event of a fire?

Independent analysis indicates potential Cd emissions from CdTe PV modules involved in a fire would
be negligible as the majority of CdTe would remain encapsulated in glass. Heating experiments
simulating residential fires showed that 99.96% of the Cd content of CdTe PV modules would be
encapsulated in molten glass under the high temperatures of a building fire (800 to 1100°C). [13] For
ground-mount systems, the short-lived maximum fire temperatures (1000°C) are below the melting
point of CdTe (1041°C), limiting release. [14] Even in a worst-case scenario that assumes a maximum
Cd content (66.4 g/m2) more than four times the amount of CdTe contained in First Solar modules, a
large fire area, and the shortest distance from the emission site, the calculated Cd emission
concentration is still below conservative air pollution exposure limits for the public and emergency
responders. [15]

© 2017 First Solar, Inc. 4 of 7



For perspective, potential accidental emissions occurring during fires are up to three orders
of magnitude lower than routine emissions from coal and oil power plants. [16]

Does CdTe PV lead to an increase of cadmium in the environment?

No. Cadmium is generated as an unavoidable by-product of zinc production for steel products,
regardless of its use in PV. Increased steel demand for building, construction and automobiles is
expected to lead to a potential oversupply of cadmium. [17] When combined with tellurium,
cadmium is converted into a stable compound, which is used to generate clean electricity for 25+
years. Cadmium exposure to the general population primarily occurs via smoking, followed by
ingestion of Cd-containing food. Phosphate fertilizers represent the major source of cadmium in
agricultural soils and the combustion of fossil fuels represents the primary source of Cd emissions to
air. [18] [19] Whenever CdTe PV replaces coal in power generation it lowers the associated Cd
emissions to air by 100-360 times. [20]

Does CdTe PV technology have unique end-of-life management requirements?

No. Responsible end-of-life management is important to the whole PV sector in order to maximize
resource recovery and manage environmentally sensitive materials which are common in the industry.
Both CdTe and crystalline silicon PV modules contain comparable quantities of heavy metals. Leaching
tests results found that crystalline silicon PV modules released a range of 3-11mg/L of lead (Pb), which
corresponds to 60%-220% of the federal U.S. waste characterization test (TCLP) limit. [21] Potential
environmental impacts from end-of-life disposal of crystalline silicon PV modules are therefore
comparable to or greater than that of CdTe PV.

Toxicity Characteristic Leaching Procedure Test Results (% of limit)
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Can First Solar modules and PV power plants be recycled at end-of-life?

Yes. Over 90% of a First Solar PV power plant is recyclable. First Solar has a long-standing leadership
position in PV recycling and provides global PV module recycling services that enable PV power plant
owners to meet their decommissioning and end-of-life (EOL) requirements simply, cost effectively
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and responsibly. First Solar’s high-value recycling process recovers approximately 90% of the glass
for reuse in new glass products and over 90% of the semiconductor material for reuse in new
modules. The remainder of the recycled module scrap (approximately 5 to 10%) which cannot be
used in secondary raw materials is handled using other responsible waste treatment and disposal
techniques. Due to the shredding, crushing and heating typically involved in recycling processes,
material losses are inevitable and the recovery ratio is always less than 100%. [22]
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Health and Safety Impacts of Solar Photovoltaics

The increasing presence of utility-scale solar photovoltaic (PV) systems (sometimes referred to as
solar farms) is a rather new development in North Carolina’s landscape. Due to the new and unknown
nature of this technology, it is natural for communities near such developments to be concerned about
health and safety impacts. Unfortunately, the quick emergence of utility-scale solar has cultivated fertile
grounds for myths and half-truths about the health impacts of this technology, which can lead to
unnecessary fear and conflict.

Photovoltaic (PV) technologies and solar inverters are not known to pose any significant health
dangers to their neighbors. The most important dangers posed are increased highway traffic during the
relative short construction period and dangers posed to trespassers of contact with high voltage equipment.
This latter risk is mitigated by signage and the security measures that industry uses to deter trespassing.
As will be discussed in more detail below, risks of site contamination are much less than for most other
industrial uses because PV technologies employ few toxic chemicals and those used are used in very small
quantities. Due to the reduction in the pollution from fossil-fuel-fired electric generators, the overall
impact of solar development on human health is overwhelmingly positive. This pollution reduction results
from a partial replacement of fossil-fuel fired generation by emission-free PV-generated electricity, which
reduces harmful sulfur dioxide (SO.), nitrogen oxides (NOx), and fine particulate matter (PM..5). Analysis
from the National Renewable Energy Laboratory and the Lawrence Berkeley National Laboratory, both
affiliates of the U.S. Department of Energy, estimates the health-related air quality benefits to the southeast
region from solar PV generators to be worth 8.0 ¢ per kilowatt-hour of solar generation.* This is in addition
to the value of the electricity and suggests that the air quality benefits of solar are worth more than the
electricity itself.

Even though we have only recently seen large-scale installation of PV technologies, the technology
and its potential impacts have been studied since the 1950s. A combination of this solar-specific research
and general scientific research has led to the scientific community having a good understanding of the
science behind potential health and safety impacts of solar energy. This paper utilizes the latest scientific
literature and knowledge of solar practices in N.C. to address the health and safety risks associated with
solar PV technology. These risks are extremely small, far less than those associated with common
activities such as driving a car, and vastly outweighed by health benefits of the generation of clean
electricity.

This paper addresses the potential health and safety impacts of solar PV development in North
Carolina, organized into the following four categories:

(1) Hazardous Materials

(2) Electromagnetic Fields (EMF)

(3) Electric Shock and Arc Flash

(4) Fire Safety



1. Hazardous Materials

One of the more common concerns towards solar is that the panels (referred to as “modules” in
the solar industry) consist of toxic materials that endanger public health. However, as shown in this
section, solar energy systems may contain small amounts of toxic materials, but these materials do not
endanger public health. To understand potential toxic hazards coming from a solar project, one must
understand system installation, materials used, the panel end-of-life protocols, and system operation. This
section will examine these aspects of a solar farm and the potential for toxicity impacts in the following
subsections:

(1.2) Project Installation/Construction
(1.2) System Components
1.2.1 Solar Panels: Construction and Durability
1.2.2 Photovoltaic technologies
(@) Crystalline Silicon
(b) Cadmium Telluride (CdTe)
(c) CIS/CIGS
1.2.3 Panel End of Life Management
1.2.4 Non-panel System Components
(1.3) Operations and Maintenance

1.1 Project Installation/Construction

The system installation, or construction, process does not require toxic chemicals or processes.
The site is mechanically cleared of large vegetation, fences are constructed, and the land is surveyed to
layout exact installation locations. Trenches for underground wiring are dug and support posts are driven
into the ground. The solar panels are bolted to steel and aluminum support structures and wired together.
Inverter pads are installed, and an inverter and transformer are installed on each pad. Once everything is
connected, the system is tested, and only then turned on.

Figure 1: Utility-scale solar facility (5 MWac) located in Catawba County. Source: Strata Solar



1.2 System Components

1.2.1 Solar Panels: Construction and Durability

Solar PV panels typically consist of glass, polymer, aluminum, copper, and semiconductor
materials that can be recovered and recycled at the end of their useful life. 2 Today there are two PV
technologies used in PV panels at utility-scale solar facilities, silicon, and thin film. As of 2016, all thin
film used in North Carolina solar facilities are cadmium telluride (CdTe) panels from the US manufacturer
First Solar, but there are other thin film PV panels available on the market, such as Solar Frontier’s CIGS
panels. Crystalline silicon technology consists of silicon wafers which are made into cells and assembled
into panels, thin film technologies consist of thin layers of semiconductor material deposited onto glass,
polymer or metal substrates. While there are differences in the components and manufacturing processes
of these two types of solar technologies, many aspects of their PV panel construction are very similar.
Specifics about each type of PV chemistry as it relates to toxicity are covered in subsections a, b, and ¢ in
section 1.2.2; on crystalline silicon, cadmium telluride, and CIS/CIGS respectively. The rest of this section
applies equally to both silicon and thin film panels.
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Figure 3: Layers of a common frameless thin-film
panel (CdTe). Many thin film panels are frameless,
including the most common thin-film panels, First
Solar’s CdTe. Frameless panels have protective glass
on both the front and back of the panel. Layer
thicknesses not to scale. Image Source:
www.homepower.com

Figure 2: Components of crystalline silicon panels.
The vast majority of silicon panels consist of a glass
sheet on the topside with an aluminum frame providing
structural support. Image Source:
www.riteksolar.com.tw

To provide decades of corrosion-free operation, PV cells in PV panels are encapsulated from air
and moisture between two layers of plastic. The encapsulation layers are protected on the top with a
layer of tempered glass and on the backside with a polymer sheet. Frameless modules include a
protective layer of glass on the rear of the panel, which may also be tempered. The plastic ethylene-vinyl
acetate (EVA) commonly provides the cell encapsulation. For decades, this same material has been used
between layers of tempered glass to give car windshields and hurricane windows their great strength. In
the same way that a car windshield cracks but stays intact, the EVA layers in PV panels keep broken
panels intact (see Figure 4). Thus, a damaged module does not generally create small pieces of debris;
instead, it largely remains together as one piece.



Figure 4: The mangled PV panels in this picture illustrate the nature of broken solar panels; the glass cracks but the panel is
still in one piece. Image Source: http://img.alibaba.com/photo/115259576/broken_solar_panel.jpg

PV panels constructed with the same basic components as modern panels have been installed
across the globe for well over thirty years.® The long-term durability and performance demonstrated
over these decades, as well as the results of accelerated lifetime testing, helped lead to an industry-
standard 25-year power production warranty for PV panels. These power warranties warrant a PV panel
to produce at least 80% of their original nameplate production after 25 years of use. A recent SolarCity
and DNV GL study reported that today’s quality PV panels should be expected to reliably and
efficiently produce power for thirty-five years.*

Local building codes require all structures, including ground mounted solar arrays, to be
engineered to withstand anticipated wind speeds, as defined by the local wind speed requirements. Many
racking products are available in versions engineered for wind speeds of up to 150 miles per hour, which
is significantly higher than the wind speed requirement anywhere in North Carolina. The strength of PV
mounting structures were demonstrated during Hurricane Sandy in 2012 and again during Hurricane
Matthew in 2016. During Hurricane Sandy, the many large-scale solar facilities in New Jersey and New
York at that time suffered only minor damage.® In the fall of 2016, the US and Caribbean experienced
destructive winds and torrential rains from Hurricane Matthew, yet one leading solar tracker
manufacturer reported that their numerous systems in the impacted area received zero damage from
wind or flooding.®

In the event of a catastrophic event capable of damaging solar equipment, such as a tornado, the
system will almost certainly have property insurance that will cover the cost to cleanup and repair the
project. It is in the best interest of the system owner to protect their investment against such risks. It is
also in their interest to get the project repaired and producing full power as soon as possible. Therefore,
the investment in adequate insurance is a wise business practice for the system owner. For the same



reasons, adequate insurance coverage is also generally a requirement of the bank or firm providing
financing for the project.

1.2.2 Photovoltaic (PV) Technologies
a. Crystalline Silicon

This subsection explores the toxicity of silicon-based PV panels and concludes that they do not
pose a material risk of toxicity to public health and safety. Modern crystalline silicon PV panels, which
account for over 90% of solar PV panels installed today, are, more or less, a commodity product. The
overwhelming majority of panels installed in North Carolina are crystalline silicon panels that are
informally classified as Tier | panels. Tier | panels are from well-respected manufacturers that have a good
chance of being able to honor warranty claims. Tier | panels are understood to be of high quality, with
predictable performance, durability, and content. Well over 80% (by weight) of the content of a PV panel
is the tempered glass front and the aluminum frame, both of which are common building materials. Most
of the remaining portion are common plastics, including polyethylene terephthalate in the backsheet, EVA
encapsulation of the PV cells, polyphenyl ether in the junction box, and polyethylene insulation on the
wire leads. The active, working components of the system are the silicon photovoltaic cells, the small
electrical leads connecting them together, and to the wires coming out of the back of the panel. The
electricity generating and conducting components makeup less than 5% of the weight of most panels. The
PV cell itself is nearly 100% silicon, and silicon is the second most common element in the Earth's crust.
The silicon for PV cells is obtained by high-temperature processing of quartz sand (SiO) that removes its
oxygen molecules. The refined silicon is converted to a PV cell by adding extremely small amounts of
boron and phosphorus, both of which are common and of very low toxicity.

The other minor components of the PV cell are also generally benign; however, some contain lead,
which is a human toxicant that is particularly harmful to young children. The minor components include
an extremely thin antireflective coating (silicon nitride or titanium dioxide), a thin layer of aluminum on
the rear, and thin strips of silver alloy that are screen-printed on the front and rear of cell.” In order for
the front and rear electrodes to make effective electrical contact with the proper layer of the PV cell, other
materials (called glass frit) are mixed with the silver alloy and then heated to etch the metals into the cell.
This glass frit historically contains a small amount of lead (Pb) in the form of lead oxide. The 60 or 72 PV
cells in a PV panel are connected by soldering thin solder-covered copper tabs from the back of one cell
to the front of the next cell. Traditionally a tin-based solder containing some lead (Pb) is used, but some
manufacturers have switched to lead-free solder. The glass frit and/or the solder may contain trace amounts
of other metals, potentially including some with human toxicity such as cadmium. However, testing to
simulate the potential for leaching from broken panels, which is discussed in more detail below, did not
find a potential toxicity threat from these trace elements. Therefore, the tiny amount of lead in the grass
frit and the solder is the only part of silicon PV panels with a potential to create a negative health impact.
However, as described below, the very limited amount of lead involved and its strong physical and
chemical attachment to other components of the PV panel means that even in worst-case scenarios the
health hazard it poses is insignificant.

As with many electronic industries, the solder in silicon PV panels has historically been a lead-
based solder, often 36% lead, due to the superior properties of such solder. However, recent advances in
lead-free solders have spurred a trend among PV panel manufacturers to reduce or remove the lead in their
panels. According to the 2015 Solar Scorecard from the Silicon Valley Toxics Coalition, a group that
tracks environmental responsibility of photovoltaic panel manufacturers, fourteen companies (increased
from twelve companies in 2014) manufacture PV panels certified to meet the European Restriction of



Hazardous Substances (RoHS) standard. This means that the amount of cadmium and lead in the panels
they manufacture fall below the RoHS thresholds, which are set by the European Union and serve as the
world’s de facto standard for hazardous substances in manufactured goods.® The Restriction of Hazardous
Substances (RoHS) standard requires that the maximum concentration found in any homogenous material
in a produce is less than 0.01% cadmium and less than 0.10% lead, therefore, any solder can be no more
than 0.10% lead.®

While some manufacturers are producing PV panels that meet the RoHS standard, there is no
requirement that they do so because the RoHS Directive explicitly states that the directive does not apply
to photovoltaic panels.® The justification for this is provided in item 17 of the current RoHS Directive:
“The development of renewable forms of energy is one of the Union’s key objectives, and the contribution
made by renewable energy sources to environmental and climate objectives is crucial. Directive
2009/28/EC of the European Parliament and of the Council of 23 April 2009 on the promotion of the use
of energy from renewable sources (4) recalls that there should be coherence between those objectives and
other Union environmental legislation. Consequently, this Directive should not prevent the development
of renewable energy technologies that have no negative impact on health and the environment and that
are sustainable and economically viable.”

The use of lead is common in our modern economy. However, only about 0.5% of the annual lead
consumption in the U.S. is for electronic solder for all uses; PV solder makes up only a tiny portion of this
0.5%. Close to 90% of lead consumption in the US is in batteries, which do not encapsulate the pounds of
lead contained in each typical automotive battery. This puts the lead in batteries at great risk of leaching
into the environment. Estimates for the lead in a single PV panel with lead-based solder range from 1.6 to
24 grams of lead, with 13g (less than half of an ounce) per panel seen most often in the literature. ** At 13
g/panel 2, each panel contains one-half of the lead in a typical 12-gauge shotgun shell. This amount
equates to roughly 1/750" of the lead in a single car battery. In a panel, it is all durably encapsulated from
air or water for the full life of the panel. 4

As indicated by their 20 to 30-year power warranty, PV modules are designed for a long service
life, generally over 25 years. For a panel to comply with its 25-year power warranty, its internal
components, including lead, must be sealed from any moisture. Otherwise, they would corrode and the
panel’s output would fall below power warranty levels. Thus, the lead in operating PV modules is not at
risk of release to the environment during their service lifetime. In extreme experiments, researchers have
shown that lead can leach from crushed or pulverized panels.*> ' However, more real-world tests
designed to represent typical trash compaction that are used to classify waste as hazardous or non-
hazardous show no danger from leaching. " & For more information about PV panel end-of-life, see the
Panel Disposal section.

As illustrated throughout this section, silicon-based PV panels do not pose a material threat to
public health and safety. The only aspect of the panels with potential toxicity concerns is the very small
amount of lead in some panels. However, any lead in a panel is well sealed from environmental exposure
for the operating lifetime of the solar panel and thus not at risk of release into the environment.

b. Cadmium Telluride (CdTe) PV Panels
This subsection examines the components of a cadmium telluride (CdTe) PV panel. Research

demonstrates that they pose negligible toxicity risk to public health and safety while significantly reducing
the public’s exposure to cadmium by reducing coal emissions. As of mid-2016, a few hundred MWs of



cadmium telluride (CdTe) panels, all manufactured by the U.S. company First Solar, have been installed
in North Carolina.

Questions about the potential health and environmental impacts from the use of this PV technology
are related to the concern that these panels contain cadmium, a toxic heavy metal. However, scientific
studies have shown that cadmium telluride differs from cadmium due to its high chemical and thermal
stability. 1® Research has shown that the tiny amount of cadmium in these panels does not pose a health or
safety risk.?® Further, there are very compelling reasons to welcome its adoption due to reductions in
unhealthy pollution associated with burning coal. Every GWh of electricity generated by burning coal
produces about 4 grams of cadmium air emissions.?! Even though North Carolina produces a significant
fraction of our electricity from coal, electricity from solar offsets much more natural gas than coal due to
natural gas plants being able to adjust their rate of production more easily and quickly. If solar electricity
offsets 90% natural gas and 10% coal, each 5-megawatt (5 MWac, which is generally 7 MWpc) CdTe
solar facility in North Carolina keeps about 157 grams, or about a third of a pound, of cadmium out of our
environment. 2% 23

Cadmium is toxic, but all the approximately 7 grams of cadmium in one CdTe panel is in the form
of a chemical compound cadmium telluride, 2* which has 1/100™ the toxicity of free cadmium.?®
Cadmium telluride is a very stable compound that is non-volatile and non-soluble in water. Even in the
case of a fire, research shows that less than 0.1% of the cadmium is released when a CdTe panel is exposed
to fire. The fire melts the glass and encapsulates over 99.9% of the cadmium in the molten glass. ?’

It is important to understand the source of the cadmium used to manufacture CdTe PV panels. The
cadmium is a byproduct of zinc and lead refining. The element is collected from emissions and waste
streams during the production of these metals and combined with tellurium to create the CdTe used in PV
panels. If the cadmium were not collected for use in the PV panels or other products, it would otherwise
either be stockpiled for future use, cemented and buried, or disposed of.?® Nearly all the cadmium in old
or broken ;)Z%nels can be recycled which can eventually serve as the primary source of cadmium for new
PV panels.

Similar to silicon-based PV panels, CdTe panels are constructed of a tempered glass front, one
instead of two clear plastic encapsulation layers, and a rear heat strengthened glass backing (together
>98% by weight). The final product is built to withstand exposure to the elements without significant
damage for over 25 years. While not representative of damage that may occur in the field or even at a
landfill, laboratory evidence has illustrated that when panels are ground into a fine powder, very acidic
water is able to leach portions of the cadmium and tellurium, *° similar to the process used to recycle CdTe
panels. Like many silicon-based panels, CdTe panels are reported (as far back ask 19983%) to pass the
EPA’s Toxic Characteristic Leaching Procedure (TCLP) test, which tests the potential for crushed panels
in a landfill to leach hazardous substances into groundwater.3? Passing this test means that they are
classified as non-hazardous waste and can be deposited in landfills. 33 ** For more information about PV
panel end-of-life, see the Panel Disposal section.

There is also concern of environmental impact resulting from potential catastrophic events
involving CdTe PV panels. An analysis of worst-case scenarios for environmental impact from CdTe PV
panels, including earthquakes, fires, and floods, was conducted by the University of Tokyo in 2013. After
reviewing the extensive international body of research on CdTe PV technology, their report concluded,
“Even in the worst-case scenarios, it is unlikely that the Cd concentrations in air and sea water will exceed
the environmental regulation values.”*® In a worst-case scenario of damaged panels abandoned on the
ground, insignificant amounts of cadmium will leach from the panels. This is because this scenario is



much less conducive (larger module pieces, less acidity) to leaching than the conditions of the EPA’s
TCLP test used to simulate landfill conditions, which CdTe panels pass.

First Solar, a U.S. company, and the only significant supplier of CdTe panels, has a robust panel
take-back and recycling program that has been operating commercially since 2005.3” The company states
that it is “committed to providing a commercially attractive recycling solution for photovoltaic (PV) power
plant and module owners to help them meet their module (end of life) EOL obligation simply, cost-
effectively and responsibly.” First Solar global recycling services to their customers to collect and recycle
panels once they reach the end of productive life whether due to age or damage. These recycling service
agreements are structured to be financially attractive to both First Solar and the solar panel owner. For
First Solar, the contract provides the company with an affordable source of raw materials needed for new
panels and presumably a diminished risk of undesired release of Cd. The contract also benefits the solar
panel owner by allowing them to avoid tipping fees at a waste disposal site. The legal contract helps
provide peace of mind by ensuring compliance by both parties when considering the continuing trend of
rising disposal costs and increasing regulatory requirements.

c. CIS/CIGS and other PV technologies

Copper indium gallium selenide PV technology, often referred to as CIGS, is the second most
common type of thin-film PV panel but a distant second behind CdTe. CIGS cells are composed of a thin
layer of copper, indium, gallium, and selenium on a glass or plastic backing. None of these elements are
very toxic, although selenium is a regulated metal under the Federal Resource Conservation and Recovery
Act (RCRA). ® The cells often also have an extremely thin layer of cadmium sulfide that contains a tiny
amount of cadmium, which is toxic. The promise of high efficiency CIGS panels drove heavy investment
in this technology in the past. However, researchers have struggled to transfer high efficiency success in
the lab to low-cost full-scale panels in the field.>® Recently, a CIGS manufacturer based in Japan, Solar
Frontier, has achieved some market success with a rigid, glass-faced CIGS module that competes with
silicon panels. Solar Frontier produces the majority of CIS panels on the market today. “° Notably, these
panels are RoHS compliant,*! thus meeting the rigorous toxicity standard adopted by the European Union
even thought this directive exempts PV panels. The authors are unaware of any completed or proposed
utility-scale system in North Carolina using CIS/CIGS panels.

1.2.3 Panel End-of-Life Management

Concerns about the volume, disposal, toxicity, and recycling of PV panels are addressed in this
subsection. To put the volume of PV waste into perspective, consider that by 2050, when PV systems
installed in 2020 will reach the end of their lives, it is estimated that the global annual PV panel waste
tonnage will be 10% of the 2014 global e-waste tonnage.*? In the U.S., end-of-life disposal of solar
products is governed by the Federal Resource Conservation and Recovery Act (RCRA), as well as state
policies in some situations. RCRA separates waste into hazardous (not accepted at ordinary landfill) and
solid waste (generally accepted at ordinary landfill) based on a series of rules. According to RCRA, the
way to determine if a PV panel is classified as hazardous waste is the Toxic Characteristic Leaching
Procedure (TCLP) test. This EPA test is designed to simulate landfill disposal and determine the risk of
hazardous substances leaching out of the landfill. > 4445 Multiple sources report that most modern PV
panels (both crystalline silicon and cadmium telluride) pass the TCLP test.*% 4" Some studies found that
some older (1990s) crystalline silicon panels, and perhaps some newer crystalline silicon panels (specifics
are not given about vintage of panels tested), do not pass the lead (Pb) leachate limits in the TCLP test.*®
49



The test begins with the crushing of a panel into centimeter-sized pieces. The pieces are then mixed
in an acid bath. After tumbling for eighteen hours, the fluid is tested for forty hazardous substances that
all must be below specific threshold levels to pass the test. Research comparing TCLP conditions to
conditions of damaged panels in the field found that simulated landfill conditions provide overly
conservative estimates of leaching for field-damaged panels.*® Additionally, research in Japan has found
no detectable Cd leaching from cracked CdTe panels when exposed to simulated acid rain.

Although modern panels can generally be landfilled, they can also be recycled. Even though recent
waste volume has not been adequate to support significant PV-specific recycling infrastructure, the
existing recycling industry in North Carolina reports that it recycles much of the current small volume of
broken PV panels. In an informal survey conducted by the NC Clean Energy Technology Center survey
in early 2016, seven of the eight large active North Carolina utility-scale solar developers surveyed
reported that they send damaged panels back to the manufacturer and/or to a local recycler. Only one
developer reported sending damaged panels to the landfill.

The developers reported at that time that they are usually paid a small amount per panel by local
recycling firms. In early 2017, a PV developer reported that a local recycler was charging a small fee per
panel to recycle damaged PV panels. The local recycling firm known to authors to accept PV panels
described their current PV panel recycling practice as of early 2016 as removing the aluminum frame for
local recycling and removing the wire leads for local copper recycling. The remainder of the panel is sent
to a facility for processing the non-metallic portions of crushed vehicles, referred to as “fluff” in the
recycling industry.%? This processing within existing general recycling plants allows for significant
material recovery of major components, including glass which is 80% of the module weight, but at lower
yields than PV-specific recycling plants. Notably almost half of the material value in a PV panel is in the
few grams of silver contained in almost every PV panel produced today. In the long-term, dedicated PV
panel recycling plants can increase treatment capacities and maximize revenues resulting in better output
quality and the ability to recover a greater fraction of the useful materials. > PV-specific panel recycling
technologies have been researched and implemented to some extent for the past decade, and have been
shown 5tf be able to recover over 95% of PV material (semiconductor) and over 90% of the glass in a PV
panel.

A look at global PV recycling trends hints at the future possibilities of the practice in our country.
Europe installed MW-scale volumes of PV years before the U.S. In 2007, a public-private partnership
between the European Union and the solar industry set up a voluntary collection and recycling system
called PV CYCLE. This arrangement was later made mandatory under the EU’s WEEE directive, a
program for waste electrical and electronic equipment.®® Its member companies (PV panel producers)
fully finance the association. This makes it possible for end-users to return the member companies’
defective panels for recycling at any of the over 300 collection points around Europe without added costs.
Additionally, PV CYCLE will pick up batches of 40 or more used panels at no cost to the user. This
arrangement has been very successful, collecting and recycling over 13,000 tons by the end of 2015. %

In 2012, the WEEE Directive added the end-of-life collection and recycling of PV panels to its
scope. ° This directive is based on the principle of extended-producer-responsibility. It has a global impact
because producers that want to sell into the EU market are legally responsible for end-of-life management.
Starting in 2018, this directive targets that 85% of PV products “put in the market” in Europe are recovered
and 80% is prepared for reuse and recycling.

The success of the PV panel collection and recycling practices in Europe provides promise for the
future of recycling in the U.S. In mid-2016, the US Solar Energy Industry Association (SEIA) announced
that they are starting a national solar panel recycling program with the guidance and support of many



leading PV panel producers.*® The program will aggregate the services offered by recycling vendors and
PV manufacturers, which will make it easier for consumers to select a cost-effective and environmentally
responsible end-of-life management solution for their PV products. According to SEIA, they are planning
the program in an effort to make the entire industry landfill-free. In addition to the national recycling
network program, the program will provide a portal for system owners and consumers with information
on how to responsibly recycle their PV systems.

While a cautious approach toward the potential for negative environmental and/or health impacts
from retired PV panels is fully warranted, this section has shown that the positive health impacts of
reduced emissions from fossil fuel combustion from PV systems more than outweighs any potential risk.
Testing shows that silicon and CdTe panels are both safe to dispose of in landfills, and are also safe in
worst case conditions of abandonment or damage in a disaster. Additionally, analysis by local engineers
has found that the current salvage value of the equipment in a utility scale PV facility generally exceeds
general contractor estimates for the cost to remove the entire PV system. %% 60 61

1.2.4 Non-Panel System Components (racking, wiring, inverter, transformer)

While previous toxicity subsections discussed PV panels, this subsection describes the non-panel
components of utility-scale PV systems and investigates any potential public health and safety concerns.
The most significant non-panel component of a ground-mounted PV system is the mounting structure of
the rows of panels, commonly referred to as “racking”. The vertical post portion of the racking is
galvanized steel and the remaining above-ground racking components are either galvanized steel or
aluminum, which are both extremely common and benign building materials. The inverters that make the
solar generated electricity ready to send to the grid have weather-proof steel enclosures that protect the
working components from the elements. The only fluids that they might contain are associated with their
cooling systems, which are not unlike the cooling system in a computer. Many inverters today are ROHS
compliant.

The electrical transformers (to boost the inverter output voltage to the voltage of the utility
connection point) do contain a liquid cooling oil. However, the fluid used for that function is either a non-
toxic mineral oil or a biodegradable non-toxic vegetable oil, such as BIOTEMP from ABB. These
vegetable transformer oils have the additional advantage of being much less flammable than traditional
mineral oils. Significant health hazards are associated with old transformers containing cooling oil with
toxic PCBs. Transfers with PCB-containing oil were common before PCBs were outlawed in the U.S. in
1979. PCBs still exist in older transformers in the field across the country.

Other than a few utility research sites, there are no batteries on- or off-site associated with utility-
scale solar energy facilities in North Carolina, avoiding any potential health or safety concerns related to
battery technologies. However, as battery technologies continue to improve and prices continue to decline
we are likely to start seeing some batteries at solar facilities. Lithium ion batteries currently dominate the
world utility-scale battery market, which are not very toxic. No non-panel system components were found
to pose any health or environmental dangers.

1.4 Operations and Maintenance — Panel Washing and Vegetation
Control



Throughout the eastern U.S., the climate provides frequent and heavy enough rain to keep panels
adequately clean. This dependable weather pattern eliminates the need to wash the panels on a regular
basis. Some system owners may choose to wash panels as often as once a year to increase production,
but most in N.C. do not regularly wash any PV panels. Dirt build up over time may justify panel
washing a few times over the panels’ lifetime; however, nothing more than soap and water are required
for this activity.

The maintenance of ground-mounted PV facilities requires that vegetation be kept low, both for
aesthetics and to avoid shading of the PV panels. Several approaches are used to maintain vegetation at
NC solar facilities, including planting of limited-height species, mowing, weed-eating, herbicides, and
grazing livestock (sheep). The following descriptions of vegetation maintenance practices are based on
interviews with several solar developers as well as with three maintenance firms that together are
contracted to maintain well over 100 of the solar facilities in N.C. The majority of solar facilities in
North Carolina maintain vegetation primarily by mowing. Each row of panels has a single row of
supports, allowing sickle mowers to mow under the panels. The sites usually require mowing about once
a month during the growing season. Some sites employ sheep to graze the site, which greatly reduces the
human effort required to maintain the vegetation and produces high quality lamb meat. %2

In addition to mowing and weed eating, solar facilities often use some herbicides. Solar facilities
generally do not spray herbicides over the entire acreage; rather they apply them only in strategic
locations such as at the base of the perimeter fence, around exterior vegetative buffer, on interior dirt
roads, and near the panel support posts. Also unlike many row crop operations, solar facilities generally
use only general use herbicides, which are available over the counter, as opposed to restricted use
herbicides commonly used in commercial agriculture that require a special restricted use license. The
herbicides used at solar facilities are primarily 2-4-D and glyphosate (Round-up®), which are two of the
most common herbicides used in lawns, parks, and agriculture across the country. One maintenance firm
that was interviewed sprays the grass with a class of herbicide known as a growth regulator in order to
slow the growth of grass so that mowing is only required twice a year. Growth regulators are commonly
used on highway roadsides and golf courses for the same purpose. A commercial pesticide applicator
license is required for anyone other than the landowner to apply herbicides, which helps ensure that all
applicators are adequately educated about proper herbicide use and application. The license must be
renewed annually and requires passing of a certification exam appropriate to the area in which the
applicator wishes to work. Based on the limited data available, it appears that solar facilities in N.C.
generally use significantly less herbicides per acre than most commercial agriculture or lawn
maintenance services.

2. Electromagnetic Fields (EMF)

PV systems do not emit any material during their operation; however, they do generate
electromagnetic fields (EMF), sometimes referred to as radiation. EMF produced by electricity is non-
ionizing radiation, meaning the radiation has enough energy to move atoms in a molecule around
(experienced as heat), but not enough energy to remove electrons from an atom or molecule (ionize) or to
damage DNA. As shown below, modern humans are all exposed to EMF throughout our daily lives
without negative health impact. Someone outside of the fenced perimeter of a solar facility is not exposed
to significant EMF from the solar facility. Therefore, there is no negative health impact from the EMF



produced in a solar farm. The following paragraphs provide some additional background and detail to
support this conclusion.

Since the 1970s, some have expressed concern over potential health consequences of EMF from
electricity, but no studies have ever shown this EMF to cause health problems. %2 These concerns are based
on some epidemiological studies that found a slight increase in childhood leukemia associated with
average exposure to residential power-frequency magnetic fields above 0.3 to 0.4 uT (microteslas) (equal
to 3.0 to 4.0 mG (milligauss)). uT and mG are both units used to measure magnetic field strength. For
comparison, the average exposure for people in the U.S. is one mG or 0.1 uT, with about 1% of the
population with an average exposure in excess of 0.4 uT (or 4 mG).5% These epidemiological studies,
which found an association but not a causal relationship, led the World Health Organization’s International
Agency for Research on Cancer (IARC) to classify ELF magnetic fields as “possibly carcinogenic to
humans”. Coffee also has this classification. This classification means there is limited evidence but not
enough evidence to designate as either a “probable carcinogen” or “human carcinogen”. Overall, there is
very little concern that ELF EMF damages public health. The only concern that does exist is for long-term
exposure above 0.4 uT (4 mG) that may have some connection to increased cases of childhood leukemia.
In 1997, the National Academies of Science were directed by Congress to examine this concern and
concluded:

“Based on a comprehensive evaluation of published studies relating to the effects of
power-frequency electric and magnetic fields on cells, tissues, and organisms (including
humans), the conclusion of the committee is that the current body of evidence does not
show that exposure to these fields presents a human-health hazard. Specifically, no
conclusive and consistent evidence shows that exposures to residential electric and
magnetic fields produce cancer, adverse neurobehavioral effects, or reproductive and
developmental effects.”%°

There are two aspects to electromagnetic fields, an electric field and a magnetic field. The electric
field is generated by voltage and the magnetic field is generated by electric current, i.e., moving electrons.
A task group of scientific experts convened by the World Health Organization (WHO) in 2005 concluded
that there were no substantive health issues related to electric fields (0 to 100,000 Hz) at levels generally
encountered by members of the public.®® The relatively low voltages in a solar facility and the fact that
electric fields are easily shielded (i.e., blocked) by common materials, such as plastic, metal, or soil means
that there is no concern of negative health impacts from the electric fields generated by a solar facility.
Thus, the remainder of this section addresses magnetic fields. Magnetic fields are not shielded by most
common materials and thus can easily pass through them. Both types of fields are strongest close to the
source of electric generation and weaken quickly with distance from the source.

The direct current (DC) electricity produced by PV panels produce stationary (0 Hz) electric and
magnetic fields. Because of minimal concern about potential risks of stationary fields, little scientific
research has examined stationary fields’ impact on human health.®” In even the largest PV facilities, the
DC voltages and currents are not very high. One can illustrate the weakness of the EMF generated by a
PV panel by placing a compass on an operating solar panel and observing that the needle still points north.

While the electricity throughout the majority of a solar site is DC electricity, the inverters convert
this DC electricity to alternating current (AC) electricity matching the 60 Hz frequency of the grid.
Therefore, the inverters and the wires delivering this power to the grid are producing non-stationary EMF,
known as extremely low frequency (ELF) EMF, normally oscillating with a frequency of 60 Hz. This
frequency is at the low-energy end of the electromagnetic spectrum. Therefore, it has less energy than



other commonly encountered types of non-ionizing radiation like radio waves, infrared radiation, and
visible light.

The wide use of electricity results in background levels of ELF EMFs in nearly all locations where
people spend time — homes, workplaces, schools, cars, the supermarket, etc. A person’s average exposure
depends upon the sources they encounter, how close they are to them, and the amount of time they spend
there. %8 As stated above, the average exposure to magnetic fields in the U.S. is estimated to be around one
mG or 0.1 uT, but can vary considerably depending on a person’s exposure to EMF from electrical devices
and wiring.® At times we are often exposed to much higher ELF magnetic fields, for example when
standing three feet from a refrigerator the ELF magnetic field is 6 mG and when standing three feet from
a microwave oven the field is about 50 mG."® The strength of these fields diminish quickly with distance
from the source, but when surrounded by electricity in our homes and other buildings moving away from
one source moves you closer to another. However, unless you are inside of the fence at a utility-scale solar
facility or electrical substation it is impossible to get very close to the EMF sources. Because of this, EMF
levels at the Ilen;:ze of electrical substations containing high voltages and currents are considered “generally
negligible”. >

The strength of ELF-EMF present at the perimeter of a solar facility or near a PV system in a
commercial or residential building is significantly lower than the typical American’s average EMF
exposure. >’ Researchers in Massachusetts measured magnetic fields at PV projects and found the
magnetic fields dropped to very low levels of 0.5 mG or less, and in many cases to less than background
levels (0.2 mG), at distances of no more than nine feet from the residential inverters and 150 feet from the
utility-scale inverters.”™ Even when measured within a few feet of the utility-scale inverter, the ELF
magnetic fields were well below the International Commission on Non-lonizing Radiation Protection’s
recommended magnetic field level exposure limit for the general public of 2,000 mG. " It is typical that
utility scale designs locate large inverters central to the PV panels that feed them because this minimizes
the length of wire required and shields neighbors from the sound of the inverter’s cooling fans. Thus, it is
rare for a large PV inverter to be within 150 feet of the project’s security fence.

Anyone relying on a medical device such as pacemaker or other implanted device to maintain
proper heart rhythm may have concern about the potential for a solar project to interfere with the operation
of his or her device. However, there is no reason for concern because the EMF outside of the solar facility’s
fence is less than 1/1000 of the level at which manufacturers test for ELF EMF interference, which is
1,000 mG.”” Manufacturers of potentially affected implanted devices often provide advice on
electromagnetic interference that includes avoiding letting the implanted device get too close to certain
sources of fields such as some household appliances, some walkie-talkies, and similar transmitting
devices. Some manufacturers’ literature does not mention high-voltage power lines, some say that
exposure in public areas should not give interference, and some advise not spending extended periods of
time close to power lines. ™

3. Electric Shock and Arc Flash Hazards

There is a real danger of electric shock to anyone entering any of the electrical cabinets such as
combiner boxes, disconnect switches, inverters, or transformers; or otherwise coming in contact with
voltages over 50 Volts.”® Another electrical hazard is an arc flash, which is an explosion of energy that
can occur in a short circuit situation. This explosive release of energy causes a flash of heat and a
shockwave, both of which can cause serious injury or death. Properly trained and equipped technicians
and electricians know how to safely install, test, and repair PV systems, but there is always some risk of



injury when hazardous voltages and/or currents are present. Untrained individuals should not attempt to
inspect, test, or repair any aspect of a PV system due to the potential for injury or death due to electric
shock and arc flash, The National Electric Code (NEC) requires appropriate levels of warning signs on all
electrical components based on the level of danger determined by the voltages and current potentials. The
national electric code also requires the site to be secured from unauthorized visitors with either a six-foot
chain link fence with three strands of barbed wire or an eight-foot fence, both with adequate hazard
warning signs.

4. Fire Safety

The possibility of fires resulting from or intensified by PV systems may trigger concern among
the general public as well as among firefighters. However, concern over solar fire hazards should be
limited because only a small portion of materials in the panels are flammable, and those components
cannot self-support a significant fire. Flammable components of PV panels include the thin layers of
polymer encapsulates surrounding the PV cells, polymer backsheets (framed panels only), plastic junction
boxes on rear of panel, and insulation on wiring. The rest of the panel is composed of non-flammable
components, notably including one or two layers of protective glass that make up over three quarters of
the panel’s weight.

Heat from a small flame is not adequate to ignite a PV panel, but heat from a more intense fire or
energy from an electrical fault can ignite a PV panel.2 One real-world example of this occurred during
July 2015 in an arid area of California. Three acres of grass under a thin film PV facility burned without
igniting the panels mounted on fixed-tilt racks just above the grass.8! While it is possible for electrical
faults in PV systems on homes or commercial buildings to start a fire, this is extremely rare.  Improving
understanding of the PV-specific risks, safer system designs, and updated fire-related codes and standards
will continue to reduce the risk of fire caused by PV systems.

PV systems on buildings can affect firefighters in two primary ways, 1) impact their methods of
fighting the fire, and 2) pose safety hazard to the firefighters. One of the most important techniques that
firefighters use to suppress fire is ventilation of a building’s roof. This technique allows superheated toxic
gases to quickly exit the building. By doing so, the firefighters gain easier and safer access to the building,
Ventilation of the roof also makes the challenge of putting out the fire easier. However, the placement of
rooftop PV panels may interfere with ventilating the roof by limiting access to desired venting locations.

New solar-specific building code requirements are working to minimize these concerns. Also, the
latest National Electric Code has added requirements that make it easier for first responders to safely and
effectively turn off a PV system. Concern for firefighting a building with PV can be reduced with proper
fire fighter training, system design, and installation. Numerous organizations have studied fire fighter
safety related to PV. Many organizations have published valuable guides and training programs. Some
notable examples are listed below.

e The International Association of Fire Fighters (IAFF) and International Renewable Energy Council
(IREC) partnered to create an online training course that is far beyond the PowerPoint click-and-
view model. The self-paced online course, “Solar PV Safety for Fire Fighters,” features rich video
content and simulated environments so fire fighters can practice the knowledge they’ve learned.
www.iaff.org/pvsafetytraining

e Photovoltaic Systems and the Fire Code: Office of NC Fire Marshal
e Fire Service Training, Underwriter's Laboratory



http://www.iaff.org/pvsafetytraining
http://www.ncdoi.com/OSFM/Engineering_and_Codes/Courses/Photovoltaic%20Systems%20and%20the%20Fire%20Code%20CS2597%20-%20One(1)%20Credit%20Hour%20Fire%20or%20Electrical/presentation.html
http://ulfirefightersafety.com/projects_blog/ul-firefighter-safety-research-institute-launches-vertical-ventilation-and-suppression-online-training/

e Firefighter Safety and Response for Solar Power Systems, National Fire Protection Research
Foundation

e Bridging the Gap: Fire Safety & Green Buildings, National Association of State Fire Marshalls

e Guidelines for Fire Safety Elements of Solar Photovoltaic Systems, Orange County Fire Chiefs
Association

e Solar Photovoltaic Installation Guidelines, California Department of Forestry & Fire Protection,
Office of the State Fire Marshall

e PV Safety & Firefighting, Matthew Paiss, Homepower Magazine
e PV Safety and Code Development: Matthew Paiss, Cooperative Research Network

Summary

The purpose of this paper is to address and alleviate concerns of public health and safety for
utility-scale solar PV projects. Concerns of public health and safety were divided and discussed in the
four following sections: (1) Toxicity, (2) Electromagnetic Fields, (3) Electric Shock and Arc Flash, and
(4) Fire. In each of these sections, the negative health and safety impacts of utility-scale PV
development were shown to be negligible, while the public health and safety benefits of installing these
facilities are significant and far outweigh any negative impacts.
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ABSTRACT

As CdTe photovoltaics reached commercialization,
questions were raised about potential cadmium emissions from
CdTe PV modules. Some have attacked the CdTe PV
technology as unavoidably polluting the environment, and
made comparisons of hypothetical emissions from PV modules
to cadmium emissions from coal-fired power plants. This
paper gives an overview of the technical issues pertinent to
these questions and further explores the potential of
environmental, health, and safety (EHS) risks during
production, use, and decommissioning of CdTe PV modules.
The following issues are discussed: (a) the physical and
toxicological properties of CdTe, (b) comparisons of Cd use in
CdTe PV with its use in other technologies and products, and
(c) the possibility of CdTe releases from PV modules.

1. Toxicology of CdTe

Elemental cadmium, which forms CdTe when reacted
with tellurium (Te), is a lung carcinogen, and long-term
exposures can cause detrimental effects on kidney and bone.
Very limited data exist on CdTe toxicology, and no
comparisons with the element Cd have been made [1].
However, CdTe is a more stable and less soluble compound
than Cd and, therefore, is probably less toxic than Cd.
However, OSHA groups all Cd compounds together, and as
a general guidance, all facilities working with any such
compounds should control the indoor concentrations of
CdTe dust or fumes to below the Permissible Exposure
Level-Time Weighted Average (PEL-TWA) Cd
concentration of 0.005 mg/n’.

The U.S. CdTe PV industry is vigilant in preventing
health risks and has established proactive programs in
industrial hygiene and environmental control. Workers'
exposure to cadmium compounds in PV manufacturing
facilities is controlled by rigorous industrial hygiene practices
and is monitored by frequent medical tests. Results of years of
biomonitoring have shown that there are no significant
observed increases in levels of worker exposure [2].

2. Amount of Cd Compounds Encapsulated in CdTe
Modules and NiCd Batteries

The amount of Cd compounds in PV modules is
proportional to the area of the module and the thickness of the
CdTe and CdS layers. Most CdTe layers are about 1-3 microns
thick, and most CdS layers are about 0.2 microns thick.
Therefore, about 3-9 g/m* Cd is contained in CdTe, and less
than 1 g/m” is contained in CdS. A reasonable average amount
would be about 7 g/m* Cd in CdTe modules. Layer thickness

is expected to be reduced as research and development efforts
continue, further reducing the amount of Cd compounds in the
cells [3].

A CdTe module of 10% sunlight-to-electricity conversion
efficiency produces about 100 W of output under standard
sunlight conditions. So, there is an average of 7 g/100 W =70
g per kW of electric power produced. In an average solar
location in the United States, such as Kansas, a one-square-
meter, 10%-efficient CdTe module containing 7 g of Cd would
produce about 5400 kWh over its expected service life of 30
years. That is about 770 kWh per gram of Cd, or 0.001 g/kWh.
(Note, this amount is in the module and is not an emission. It
can be completely recycled.)

Table 1 shows a comparison of the Cd content in CdTe
PV and in NiCd batteries. CdTe modules occupying 1 m’
contain less Cd than one C—size flashlight battery. A 1-kW
system would contain as much Cd as seven C-size batteries.
On a per kWh basis, assuming that a NiCd battery can be
recharged 700 to 1200 times over its life [4], it would produce
an average of 0.046 kWh per g of its weight, which
corresponds to 0.306 kWh per g of Cd contained in the battery.

This is 2,500 times less than a CdTe PV module. Thus the
value of using Cd in PV is much greater than its value
elsewhere in the marketplace.

Table 1. Cd Content in CdTe PV and NiCd Batteries

g/unit g/kW mg/kWh

(ton/GW) | (kg/GWh)
PV CdTe 7 g/m2 70 1.3
NiCd battery -C size 10 3265.

3. EHS Risks during Cadmium Mining

CdTe is manufactured from pure Cd and Te, both of
which are by-products of smelting prime metals (e.g., Cu, Zn,
Pb, and Au). About 80% of the world’s production of
cadmium is generated as a by-product of smelting zinc ores.
Its major feedstock, sphalerite (ZnS), contains about 0.25%
Cd. Secondary cadmium is produced from recycling spent
NiCd batteries and other scrap. The demand of zinc has been
steadily increasing for decades as driven by economic growth.
Therefore, cadmium (in impure form) is produced regardless
of its use. Cadmium is used primarily (~65%) in nickel-
cadmium rechargeable batteries, paint pigments (~17%),
plastic stabilizers (~10%), metal plating (~5%), and metal
solders (~2%). When there is no cost-effective market for the
metal, raw Cd is disposed of [5].



The total Cd use in the United States was 2,600 tons in
1997, globally, the total use is 19,000 to 20,000 tons. Using
only 3% of the U.S. consumption of cadmium (i.e., 78 tons) in
the manufacture of CdTe solar cells would generate over 1
GW of new PV per year. Note that the total current PV
capacity in the United States is only 0.3 GW and is projected
to grow (under optimistic assumptions) to about 3.2 GW/yr by
2020. Even if we envision PV production that is an order of
magnitude higher, it would require only about a third of the
current U.S. Cd consumption. Yet to change the world’s
energy infrastructure with CdTe PV, much less Cd would be
needed, and it would not impact the overall smelting of Cd at
all. In fact, it would provide a beneficial use of Cd that could
otherwise be cemented or end up in a waste dump.

4. EHS Risks in CdTe PV Manufacture

In production facilities, workers may be exposed to Cd
compounds through the air if contaminated, and by ingestion
from hand-to-mouth contact. Inhalation is probably the most
important pathway, because of the larger potential for exposure
and higher absorption efficiency of Cd compounds through the
lung than through the gastrointestinal tract. Processes in
which Cd compounds are used or produced in the form of fine
particulates or vapor present larger hazards to health. Hazards
to workers may arise from feedstock preparation, fume/vapor
leaks, etching of excess materials from panels, maintenance
operations (e.g., scraping and cleaning), and during waste
handling. Caution must be exercised when working with this
material, and several layers of control must be implemented to
prevent exposure of the employees. In general, the hierarchy
of controls includes engineering controls, personal protective
equipment, and work practices. The U.S. industry is vigilant
in preventing health risks, and has established proactive
programs in industrial hygiene and environmental control.
Workers' exposure to cadmium in PV manufacturing facilities
is controlled by rigorous industrial hygiene practices and is
continuously monitored by medical tests, thus preventing
health risks [2].

5. Can CdTe from PV Modules Harm Our Health or the
Environment?

Toxic compounds cannot cause any adverse health effects
unless they enter the human body in harmful doses. The only
pathways by which people might be exposed to PV compounds
from a finished module are by accidentally ingesting flakes or
dust particles, or inhaling dust and fumes. The thin CdTe/CdS
layers are stable and solid and are encapsulated between thick
layers of glass. Unless the module is purposely ground to a
fine dust, dust particles cannot be generated. The vapor
pressure of CdTe at ambient conditions is zero. Therefore, it
is impossible for any vapors or dust to be generated when
using PV modules.

The only issue of some concern is the disposal of the well-
encapsulated, relatively immobile CdTe at the end of the
modules' useful life. Thin CdTe PV end-of-life or broken

modules pass Federal (TCLP-RCRA) leaching criteria for non-
hazardous waste [6]. Therefore, according to current laws,
such modules could be disposed of in landfills. However,
recycling PV modules offers an important marketing
advantage, and the industry is considering it as they move
toward large and cost-effective production [7,8]. This issue of
recycling is not unique to CdTe. The disposal of current x-Si
modules, most of which incorporate Pb-based solder, presents
similar concerns. Recycling the modules at the end of their
useful life completely resolves any environmental concerns.

6. Do CdTe Modules Present Additional Health Risks
during a Fire?

The flame temperatures in typical U.S. residential fires are
not high enough to vaporize CdTe; flame temperatures in roof
fires are in the 800°-900°C range, and, in basement rooms, in
the 900°-1000°C range [9]. The melting point of CdTe is
1041°C, and evaporation starts at 1050 °C. Sublimation occurs
at lower temperatures, but the vapor pressure of CdTe at 800
°C is only 2.5 torr (0.003 atm). The melting point of CdS is
1750°C, and its vapor pressure due to sublimation is only
0.1 torr at 800°C. Preliminary studies at Brookhaven [10] and
at the GSF Institute of Chemical Ecology in Germany [11]
showed that CdTe releases are unlikely to occur during
residential fires or during accidental breakage. The thin layers
of CdTe and CdS are sandwiched between glass plates; at
typical flame temperatures (800°—1000°C), these compounds
would be encapsulated inside the molten glass so that any Cd
vapor emissions would be unlikely. In any case, the fire itself
and other sources of emissions within the burning structure are
expected to pose an incomparably greater hazard than any
potential Cd emissions from PV systems.

7.CdTe PV Can Prevent Cd Emissions from Coal-Burning
Power Plants

Coal-burning routinely generates Cd, because Cd is
contained in the coal. A typical U.S. coal-power plant will
generate waste in the form of fine dust or cake, containing
about 140 g of Cd, for every GWh of electricity produced. In
addition, a minimum of 2 g of Cd will be emitted from the
stack (for plants with perfectly maintained electrostatic
precipitators or bag-houses operating at 98.6% efficiency, and
median concentration of Cd in U.S. coal of 0.5 ppm) [12].
Power plants with less efficient pollution controls will produce
more Cd in gaseous form. Furthermore, a typical U.S. coal-
power plant emits about 1000 tons of CO,, 8 tons of SO,, 3
tons of NOx, and 0.4 tons of particulates per GWh of
electricity produced. All these emissions will be avoided when
PV replaces coal-burning for some fraction of electricity
generation.



8. Conclusion

The potential EHS risks related to the cadmium content of
CdTe PV modules were highlighted for all the different phases
of a large-scale implementation of the technology. The basic
conclusions are:

Cd Mining: Cadmium is produced primarily as a by-product
of zinc production. Because Zn is produced in large
quantities, substantial quantities of cadmium is generated as a
by-product, no matter how much Cd is used in PV, and can
either be put to beneficial uses or discharged into the
environment. When the market does not absorb the Cd
generated by metal smelters/refiners, it is cemented and buried,
stored for future use, or disposed of to landfills as hazardous
waste.  Arguably, encapsulating cadmium as CdTe in PV
modules presents a safer use than its current uses and is much
preferred to disposing it off.

CdTe PV Manufacture: In CdTe PV production facilities,
workers may be exposed to Cd compounds through the air they
breathe and by ingestion from hand-to-mouth contact. These
are real risks and continuing vigilance is required. However,
current industrial practice suggests that these risks can be
managed and controlled successfully.

CdTe PV Use: No emissions of any kind can be generated
when using PV modules under normal conditions. Any
comparisons made with cadmium emissions from coal fired
power plants are erroneous, because they compare potential
accidental emissions from PV systems to routine (unavoidable)
emissions from modern coal-fired plants. Inreality, PV, when
it replaces coal-burning for electricity generation, will prevent
Cd emissions in addition to preventing large quantities of CO,,
SO,, NOx, and particulate emissions.

Related to NiCd batteries, a CdTe PV module uses Cd
about 2500 times more efficiently in producing electricity. A
1-kW CdTe PV system contains as little cadmium as seven
size-C NiCd batteries. Thus the incremental risk to the house
occupants or firefighters from roof fires is negligible. In
addition, it is unlikely that CdTe will vaporize during
residential fires because the flames are not hot enough. In any
case, the fire itself would pose a much greater hazard than any
potential Cd emissions from PV systems.

CdTe PV Decommissioning: The only environmental issue is
what to do with the modules about 30 years later, if they are no
longer useful. Although cadmium telluride is encapsulated
between sheets of glass and is unlikely to leach out, the PV
industry is considering recycling of these modules at the end of
their useful life. Recycling will completely resolve any
environmental concerns.

In conclusion, the environmental risks from CdTe PV are
minimal. Every energy source or product may present some

environmental, health, and safety hazards, and those of
CdTe are by no means barriers to scaling-up the technology.
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Fires in residential and commercial properties are not uncommon. If such fires
involve the roof, photovoltaic arrays mounted on the roof will be exposed to the
flames. The amount of cadmium that can be released in fires involving CdTe PV
and the magnitude of associated health risks has been debated. The current study
aims in delineating this issue. Previous thermogravimetric studies of CdTe, involved
pure CdTe and single-glass PV modules. The current study is based on glass—glass
CdTe PV modules which are the only ones in the market. Pieces of commercial CdTe
photovoltaic (PV) modules, sizes 25 x 3cm, were heated to temperatures up to
1100°C to simulate exposure to residential and commercial building fires. The tem-
perature rate and duration in these experiments were defined according to standard
protocols. Four different types of analysis were performed to investigate emissions
and redistribution of elements in the matrix of heated CdTe PV modules: (1) mea-
surements of sample weight loss as a function of temperature; (2) analyses of Cd
and Te in the gaseous emissions; (3) Cd distribution in the heated glass using
synchrotron X-ray fluorescence microprobe analysis; and (4) chemical analysis for
Cd and Te in the acid-digested glass. These experiments showed that almost all
(i.e., 99-5%) of the cadmium content of CdTe PV modules was encapsulated in the
molten glass matrix; a small amount of Cd escaped from the perimeter of the samples
before the two sheets of glass melted together. Adjusting for this loss in full-size
modules, results in 99-96% retention of Cd. Multiplying this with the probability
of occurrence for residential fires in wood-frame houses in the US (e.g., 10~?), results
in emissions of 0-06 mg/GWh; the probability of sustained fires and subsequent emis-
sions in adequately designed and maintained utility systems appears to be zero.
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1. INTRODUCTION

n the United States, about 1 in 10000 wood-frame houses may catch fire during the year. If such fires

involve the roof, photovoltaic arrays that are mounted there would be exposed to the flames. There are

no studies in the literature regarding fire effects on a utility scale PV system, and we are not aware of a
reported fire in any utility PV system. Tucson Electric in Arizona, US, has experienced two cases of incorrect
wiring that each caused melting of a glass module, and also three cases of small fires in metal DC terminal boxes
due to bad connections, but none of these incidents caused a fire to the rest of the field. In addition there were six
documented lighting strikes on PV arrays, none of which resulted in a fire. Overall, due to the lack of combus-
tible materials, the risk of a fire that could consume a utility array is extremely small. There is a risk of fire from
external fuel sources (e.g., grass/bush fires), but this is controlled through design and operational practices (e.g.,
metal enclosures of potential ignition sources, firebreaks, controlling vegetation, limited access). Therefore, our
study was designed to simulate the potential of toxic emissions only from roof-mounted photovoltaic arrays.

Previous thermogravimetric studies of CdTe at the GSF Institute of Chemical Ecology in Munich, Germany,
involved pure CdTe and a small number of tests on single glass PV modules.'* The pure CdTe tests showed a
small weight increase between 570 and 800°C, possibly due to oxidation. The oxidized product remained stable
until about 1050°C, above which the compound began to vaporize.? Other experiments at non-oxidizing con-
ditions (Ar atmosphere), showed a high loss of CdTe in the 900-1050°C range. No experiments involving CdTe
encapsulated between two sheets of glass are reported.

The current study is based on glass—CdTe—glass PV modules, which are the only ones in the market. (Sin-
gle-glass panels are not considered by any manufacturer at this time). Pieces of commercial CdTe photo-
voltaic (PV) modules, approximately 25 x 3 cm, were heated to temperatures up to about 1100°C to simulate
exposure to residential fires. The heating rate and duration in these experiments were defined according to
standard Underwriters Laboratories (UL)3 and American Society for Testing and Materials (ASTM)4 test
protocols. The total mass loss was calculated by weight measurements. The amounts of Cd and Te releases
to the atmosphere were calculated by capturing these elements in solutions of nitric acid or hydrochloric
acid and hydrogen peroxide. Also, the distribution of Cd in the burnt pieces was measured with synchrotron
X-ray microprobe analysis.

2. CdTe PV MODULE THERMAL CHARACTERISTICS

The composition of the tested samples is shown in Table I. These samples were cut from standard commer-
cial modules produced by First Solar Inc. of Toledo, Ohio. The frames, rails and wires were not included
in the experiments. The concentration of the metals was determined by grinding a control piece and leaching
in acid/oxidizer solution; these were also cross-referenced with mass balance calculations at the manufac-
turing plant scale. The concentrations of the glass and ethylene vinyl acetate (EVA) are based on weight
measurements.

Table I. Composition of samples

Compound wt (%)
Total glass 96-061
EVA 2614
Total Cd 0-059*
Total Te 0-063*
Total Cu 0-011*
Other 1-192

*The uncertainty of these measurements is 5% as
determined by ICP analysis.
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Table II. CdTe vapor pressure coefficients for equation (2)

A B T (K) Reference
—9500 6-427 731-922 7
—11493 7-99 1085-1324 8
—9764 6-572 773-1010 9
—10000 6-823 1053-1212 10

The EVA is expected to either burn or decompose at approximately 450°C according to experiments invol-
ving EVA and back surface sheet on crystalline Si cells.’

The module’s substrate and front cover are sheets of glass, which has a softening point of 715°C. The follow-
ing compounds are present or can be formed during the heating (CdTe, CdS, CdO, TeO,, TeO,4, CdCl, and
CuCl,); other oxides may also be formed. Some of these compounds produce vapors by sublimation at tempera-
tures below their melting points.

The sublimation of pure CdTe is described by the reaction:®

CdTe(s) = Cd(g) + 0-5Te,(g) (1)
The vapor pressure due to sublimation of CdTe is estimated by the Antoine equation:
log P(atm) = AT™' + B 2)

Values for the coefficients A and B are shown in Table II.

As shown by the CdTe curves in Figure 1, these four sets of coefficients give approximately the same vapor
pressure estimates.

The vapor pressure of pure CdS and TeO, can be estimated by the following equation' '

log P(mm Hg) = A + BT~ + Clog T + DT + ET? (3)

where the constants A, B, C, D and FE are listed in Table III.

As shown in Figure 1, CdS has the lowest vapor pressure of the considered pure cadmium compounds. The
vapor pressure of CdTe is two orders of magnitude lower than that of CdCl, in the temperature range of our
experiments. The CdTe pressure due to sublimation at 800°C is about 2-4 torr.
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Figure 1. Vapor pressure of cadmium compounds
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Table III. Vapor pressure coefficients for equation (3)

Component A B C D E T(K)
CdS(s) 16-06 —11460 -2-5 — — 298-1203
CdCly(s) 17-46 —9270 —2-11 — — 298-840
CdCl,(1) 25-907 —-9183 —5.04 — — 840-1233
CdO(s) 42-8498 —15443 —10-651 20645 x 1073 —1-704 x 1077 1273-1832
TeOy(s) 23.51 —13940 —3.52 — — 298-10006
TeCly 225-5681 —13194 —80-8999 45316 x 102 —1.044 x107° 506-665

3. THERMOGRAVIMETRIC TESTS

Typical flame temperatures in residential fires are in the 800—900°C range for roof fires and 900-1000°C in fires
involving the whole house as measured in basement rooms.'? In this study we extended this range to the limit of
our heating apparatus, which was 1100°C.

3.1. Protocol

There are several validated fire test methods used by the industry and the government in evaluating flammability
and fire resistance of materials. Two test methods which are applicable to our task are the Underwriters Labora-
tories Inc., UL Standard 1256 for Fire Test of Roof Deck Constructions,” and the American Society for Testing
and Materials (ASTM) Standard E119-98 for Fire Tests of Building Construction and Materials.* The later is
also adopted by the Uniform Building Code as UBC Standard 7-1. The UL 1256 Standard involves direct fire
heating at 760°C, for 30 min. The ASTM Standard involves gradual heating controlled to conform to the stan-
dard time—temperature curve shown in Figure 2. Our tests were done in a tube furnace where we adjusted the
heating rate to exactly follow this standard temperature rate curve. Pieces of commercial CdTe photovoltaic
(PV) modules, nominally 25 x 3 cm were used. The furnace was heated by electrical resistance and contained
three zones, so uniformity of the central heated zone was accomplished. The pieces of PV module were placed
on alumina plates and were positioned inside a quartz tube in the central uniform-temperature zone of the oven.
The tube was fitted with an inlet and outlet for gas flow and was sealed from the outside atmosphere. Air was
introduced into the furnace at a rate of 101/min, producing a linear velocity of 0-04 m/s above the sample. The
airflow carried any released vapor/aerosols from the PV sample to the outlet. The effluent flow was passed
through a glass-wool filter and two bubbler-scrubbers in series containing a 0-01 M nitric acid solution in order
to capture the Cd and Te releases from the PV module. The quartz tube and glass-wool were leached for 24 h in
nitric acid. Complete removal of the metals from the glass-wool filters was verified by additional leaching using
hydrochloric acid and hydrogen peroxide solutions for 48 h in a tumbling machine.
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Figure 2. Temperature and heating duration for each experiment (as per ASTM E119-98 Standard)
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Table IV. Measured loss of mass

Cd emissions Te emissions
Test T (°C) Weight loss (% sample) (g/ml) (% of Cd content) (g/mz) (% of Te content)
1 760 19 0-056 0-6 0-046 04
2 900 2-1 0-033 0-4 0-141 12
3 1000 19 0-048 0-5 1-334 11-6
4 1100 22 0-037 04 2-680 225
3.2. Results

The PV samples were weighed before and after each experiment. Weight loss in the range of 1-9-2-2% of the
total weight was recorded (Table IV). Observations of black residues in the reactor walls and filters indicate that
most of this weight loss was caused by the decomposition and vaporization of EVA.

The acidic solutions from rinsing of the reactor walls, rinsing of the glass-wool filters in the reactor exhaust,
and the scrubber liquids, were analyzed for Cd and Te by inductively coupled plasma (ICP) optical emission
spectroscopy (Varian Liberty 100). A small loss of Cd amounting to 0-4—0-6% of the total Cd in the sample was
recorded (Table IV). The loss of Te was also very small during heating at 760 and 900°C, but it increased
significantly at higher temperatures.

Measurements of the total mass of Cd and Te in the untreated sample were obtained by breaking the sample
and leaching the metal content in a tumbling machine with a solution of sulfuric acid and hydrogen peroxide.
Complete leaching of the metals was verified by leaching with hydrochloric acid/H,0, solutions. The uncer-
tainty of the ICP analysis was determined with frequent calibration to be <5%.

4. MICROBEAM X-RAY FLUORESENCE ANALYSES

Figure 3 shows an unheated (control) sample and Figure 4 shows the samples heated at 900, 1000 and 1100°C.
In these tests it was visually evident that the glass sheets melted together. As will be shown in Figures 6 and 7,
such ‘soldering’ did not occur at the 760°C experiment. Slices 1 mm thick were cut (vertically) from the center
and the sides of the samples and were analyzed by microbeam X-ray fluorescence at beamline X26A at the
National Synchrotron Light Source (NSLS) of Brookhaven National Laboratory.

4.1. Method

The intensity of the X-ray beam produced at the NSLS is approximately 10 000 times greater than that produced
by conventional laboratory X-ray sources. The X-ray beam also has a very small angular divergence due to the
small cross-section of the electron source, and therefore, intense X-ray beams of the order of 5-10 um diameter
can be produced using focusing optics. The X26A beamline at the NSLS was used for these experiments. The
beam was tuned to 26-8 keV using a Si (111) monochrometer. This energy allowed excitation of Cd but not Te.
Data were collected for Cd, Ca, Zr, and Sr Ka fluorescence. The spot size was focused to 30 x 30 um using Rh
coated Kirckpatrick—Baez mirrors. Energy dispersive SXRF data were collected using a Canberra SL30165

Figure 3. Top and bottom of an unheated sample
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Figure 4. (a) Sample after being heated up to 900°C for 1h; (b) after being heated up to 1000°C for 2 h; (c) after being
heated up to 1100°C for 3h

Si(Li) detector. Incident beam flux was monitored using an ion chamber and changes in fluorescent count rate
with time were corrected by normalizing to the ion chamber current values.

Samples were 1-mm-thick slices of the coupons. They were mounted on Kapton tape and placed in a slide
holder, with the sample directly exposed to the beam for analysis. Data were collected in two ways. Line scans
were collected at step sizes that ranged between 20 and 50 pm, depending on line length. Count times ranged
from 5 to 10 s/pixel. Data are shown as normalized Cd counts.

4.2. Results

Figure 5 shows Cd counts along a line scan collected across a slice cut from the control (unheated) sample. The
Cd counts in the junction between the two sheets of glass reach a maximum of 50 000 while the Zr counts (indi-
cative of the glass) in the same region are close to zero. Figure 6 shows the Cd line scans collected across the
center and edges of a slice cut from the middle of the 760°C PV sample. The Cd count distribution in the center
was approximately the same as the distribution in the unheated sample, whereas the distribution near the edges
of the PV shows diffusion of Cd in a wider area. Microscopic analysis showed that a gap was created near the
edges of the slice; thus, a likely path for Cd loss is from the perimeter of the sample before the two pieces of
glass fuse together, as shown in Figure 7.
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Figure 5. X-ray fluorescence microprobe analysis—vertical slice from unheated (control) sample; Cd and Zr counts
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Figure 6. X-ray fluorescence microprobe analysis—vertical slice from middle of sample heated at 760°C; Cd counts in the
center and the sides of the slice

Figure 7. Microphotograph of the edge of a sample heated at 760°C for 30 min

Figure 8 show microprobe results, of a center section from the 1000°C sample and Figure 9 from a side sec-
tion of the same sample. It is shown that Cd moved to considerable depths into the molten glass and ‘froze’ there
after it cooled. The dispersion of Cd into the glass was more uniform in the side than in the middle of the
sample. At the highest temperature we tried (1100°C) Cd diffused into greater depths around the junction

Published in 2005 by John Wiley & Sons, Ltd. Prog. Photovolt: Res. Appl. 2005; 13:713-723



720 V. M. FTHENAKIS ET AL.

psitin i)

B ]
a 0000 AW EO00 0000

Gl fsunts )

i counts)

Figure 8. X-ray fluorescence microprobe analysis—vertical slice from middle of sample heated at 1000°C; Cd counts in the
center and the sides of the slice
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Figure 9. X-ray fluorescence microprobe analysis—vertical slice from side of sample heated at 1000°C; Cd counts in the
center and the sides of the slice
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Figure 10. X-ray fluorescence microprobe analysis—vertical slice from middle of sample heated at 1100°C; Cd counts in the
center and the sides of the slice

(Figure 10). Although higher temperatures produce greater Cd diffusion, the emissions analyses which show
that the Cd loss was the same at all temperatures above 760°C indicate that Cd that has diffused into the glass
does not enter the vapor phase in the temperature range of 760-1100°C.

5. ANALYSIS OF THE HEATED GLASS

We followed the standard ASTM C169-89 method'* for chemical analysis of glass, involving fusion with
lithium tetraborate and dissolution in HNOj;. The samples were ground to a fine powder and fused at
1100°C with lithium tetraborate powder (as flux). The fused material was poured into a 20% HNO; solution,
which was kept at elevated temperature until the fused sample was completely disintegrated and dissolved into
the solution. ICP analysis was performed on the solution for cadmium and tellurium. The results of this analysis
are shown in Figure 11. The uncertainty of these results is much greater than that the uncertainty of the results
presented in Section 3-2 for two reasons: (1) with the exception of the unheated (control) sample, only a small
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Figure 11. Cadmium and tellurium concentrations in unheated and in molten glass at different temperatures; average values
and error bars showing % of error
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part of the sample was ground and analyzed, and this may not represent the average concentration in the whole
sample; and (2) the salts formed in solution increased the uncertainty of the ICP analysis to about 20% for Cd
and 15% for Te.

These experiments showed that the Cd content in the unheated and the heated samples is the same (within the
described level of analytical uncertainty), confirming the results of the emissions analysis that Cd was essen-
tially retained in the glass during the heating experiments. The Te concentration in the heated glass, at 1100°C,
was lower than the unheated sample, confirming the results of the air emissions analysis showing Te loss at high
temperatures.

6. DISCUSSION

Pieces of CdTe PV modules of approximately 25 x 3 cm were heated to temperatures of 760—1100°C following
standard UL and ASTM protocols. Four types of analyses were performed: (1) the thermogravimetric analysis
showed weight loss of about 2%, which is equal to 77% of the weight of the EVA in the samples; (2) the Cd
analyses (using inductively coupled plasma, ICP) showed that the total Cd emissions from each sample was
about 3 x 10~* g which corresponds to about 0-5% loss of the Cd content of the sample. The Te emissions were
also very small at the typical residential flame temperatures of 700-900°C, but they were larger at higher tem-
peratures (i.e., 1000-1100°C); (3) the synchrotron-based X-ray fluorescence microprobe analyses clearly show
that Cd diffuses into the glass. Comparison of the Cd line scans in the center and the edges of each sample,
together with microscopic analysis of the perimeter of the sample, show that the small Cd loss occurs from
the edges of the PV module through the space of the two glass sheets before they fuse together. This loss is
likely proportional to the ratio of the mass of cadmium (i.e., area of the sample) to its perimeter, and as such
would be smaller in full modules. Our samples did not have ‘edge delete’, if the perimeter had a strip free of
CdTe, Cd loss could have been even lower. On the other hand, the probability of a module being broken during a
fire was not assessed,; it is unlikely, however, that a large number of modules could be broken in pieces smaller
than our samples; (4) pieces of heated samples were ground and fused with lithium tetraborate powder. The
fused liquid was dissolved in HNOj3 and ICP analysis was performed for Cd and Te. The results of this analysis
confirm that the Cd content remains constant, thus it is essentially retained into the glass matrix. The Te con-
centration in the burnt glass, at 1100°C, was lower than the unheated sample, confirming the results of the air
emissions analysis showing Te loss at the high temperatures.

A possible explanation for the difference of the behavior of Cd and Te in the highest temperature experiments
could be the difference in their oxidation states. Tellurium, when heated to high temperatures, likely oxidizes and
subsequently vaporizes. On the other hand, cadmium oxide has a very low vapor pressure even at 1100°C (Figure 1).
Additional studies are in progress to investigate the speciation of tellurium and cadmium in the glass matrix.

7. CONCLUSION

Heating experiments to simulate residential fires showed that most (i.e., 99-5%) of the cadmium content of CdTe
PV modules was encapsulated in the molten glass matrix. This was confirmed with emissions chemical analysis,
synchrotron-based X-ray fluorescence microprobe analysis and chemical analysis of the molten glass. Only
0-5+£0-1% of the Cd content of each sample was emitted during our tests that cover the wide flame temperature
zone of 760—1100°C. The pathway for this loss was likely though the perimeter of the sample before the two sheets
of glass fused together. In actual size PV modules, the ratio of perimeter to area is 13-5 times smaller than our
sample; thus the actual Cd loss during fires will be extremely small (<0-04% of the Cd content). Multiplying this
with the probability of occurrence for residential fires in wood-frame houses in the US (e.g., 10~%), results in emis-
sions of 0-06 mg/GW h (assuming 7 g Cd/m?, 10% electric conversion efficiency and 1800 kwh/m?/yr). As dis-
cussed in the introduction, the probability of sustained fires in utility systems must be much smaller, due to lack
of combustible materials, and, therefore, emissions of cadmium during fires in central PV systems are considered to
be essentially zero. The total cadmium emissions during the whole life-cycle of CdTe PV modules (ore mining,
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metal melting, purification, PV manufacturing) has been estimated to be about 20 mg/GW h.'> These results apply
to glass-to-glass CdTe PV modules which are the only ones in the market. Similarly to Cd, only a tiny percentage of
Te was released in the typical residential fire temperature range 760-900°C, but a significant fraction was released
at higher temperatures (1000-1100°C).
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Prospective analysis

Cadmium telluride photovoltaic (CdTe PV) technology is growing rapidly, and already represents the
largest contributor to non-silicon based photovoltaics worldwide. We assessed the extent to which
CdTe PV will play a notable role in the Cd use and emission flows in the future, and whether it will be
environmentally beneficial or detrimental. Our results show that while CdTe PV may account for a large
percentage of future global Cd demand, its role in terms of Cd sequestration may be beneficial. We
calculated that its potential contribution to yearly global Cd emissions to air and water may well be
orders-of-magnitude lower than the respective current Cd emissions rates in Europe.
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1. Introduction

Solar electricity is among the most promising forms of
renewable energy. Thus, world photovoltaic (PV) production
capacity, after having grown by about 40% a year for the best
part of the last two decades, accelerated even more in 2006 and
2007. Estimates based on a survey of company statements and
press releases from more than 200 companies worldwide indicate
that this trend most likely will be maintained into the future,
probably surpassing 40 GWp as early as 2012 (Jaeger-Waldau,
2008). Within the whole industry sector, cadmium telluride
(CdTe) PV still is a comparatively new and minor player, and so far
represents but a negligible fraction of the global demand for
primary cadmium (approximately 0.6% in 2008). However, its
market share is expanding very rapidly, already representing 5%
of the total market for photovoltaics (EPIA and Greenpeace, 2008),
with a single producer now supporting a production capacity of
1.1 GW/year (First Solar, 2009a).

Trends in worldwide use and production of cadmium long
have caused concern, because of the metal’s well-known toxicity;
thus, the introduction to the market of a novel cadmium-based
technology understandably generated mixed feelings in general
public. Accordingly, we undertook a comprehensive prospective
analysis to assess whether the often-voiced concern about the
possible large-scale negative effects of Cd contamination from
CdTe PV might be justified, and to what extent.

We began with a comprehensive review of the most recent
information on current cadmium flows in Europe, giving us a
reference frame within which to gauge the potential contribution

* Corresponding author. Tel.: +34 93 295 47 10, fax: +34 93 295 47 20.
E-mail address: marco.raugei@esci.es (M. Raugei).
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of the possible future large-scale deployment of CdTe PV. The
latter was evaluated from the life-cycle inventory (LCI) of current
modules, including all related processes, from which we postu-
lated three possible scenarios, based on an update of the results of
the EU research project NEEDS (Frankl et al., 2008). We used two
common reference time-horizons for drafting our prospective
analyses: 2025 and 2050. The assumptions underlying the three
scenarios are summarized as follows.

1. ‘Pessimistic’ scenario: this first scenario assumes that support
for the current incentives to the PV sector will not continue
long enough for the technology to become competitive with
bulk electricity. Consequently, the growth of the whole PV
sector is assumed to become stunted. We also considered that
the relative market penetration of CdTe PV will remain very
low until 2025, with moderate technological improvements
that improve efficiency and reduce material demand per unit
of output only happening in the last two-and-a-half decades
(2025-2050).

2. ‘Reference’ scenario: PV market growth in this intermediate
scenario essentially conforms to the latest predictions by the
European PV industry association (EPIA and Greenpeace, 2008)
till 2025, and is followed by a gradual reduction in the annual
growth rate. CdTe PV is presumed to keep growing at a faster
relative pace, reaching 45% of the total PV market by 2025,
concurrent with large gains in efficiency and reduced material
demand. By 2050, newer, ‘third-generation’ PV devices are
assumed to have overtaken CdTe PV as a widespread
alternative, capturing approximately one third of the market,
and thus reducing the relative share of CdTe PV to approxi-
mately 35%.

3. ‘Optimistic’ scenario: in this last scenario, bolder annual
growth rates are assumed for PV from as early as 2010, and
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the trend is expected to demonstrate quadratic growth
through to 2050. The relative role of CdTe PV within the PV
sector is assumed to be the same as in the reference scenario,
except that in this scenario, we set an upper boundary of
1 TWp for the cumulative installed capacity of CdTe PV by
2050, to account for possible constraints in the supply of
tellurium (Fthenakis, 2009).

In all three scenarios, we made the same conservative
assumptions about the foreseeable increase in global Cd recycling
rates, i.e. from the current 17.5-20% in 2025, and to 30% in 2050.
Table 1 lists the specific assumptions on CdTe PV system
efficiencies, lifetimes, and installed capacities.

2. Cadmium sources and uses

Cadmium occurs in small amounts in zinc ores, so that Zn
producers do not have the option of not mining Cd. Zn extraction
and processing have grown for the last three decades, from
approximately 5.5 million tonnes per year in the early 1970s to
about 11 million tonnes per year today (USGS, 20093, 2009b). In
contrast, total (primary+secondary) Cd demand expanded much
more slowly in the 1970s and '80s, and since remained virtually
stable at roughly 20,000 tonnes/year (USGS, 2009a, 2009c¢). In fact,
since the global production of Zn has increased much faster than
the corresponding demand for Cd, the annual amounts of raw Cd
generated are entirely determined by Zn production rates.

We calculated that the global potential production of primary
Cd from processing Zn ores was approximately 33,000 tonnes per
year, based on an average Cd/Zn ratio in the ores of 0.003 (UNEP,
2006). This translates into a surplus of nearly 50% of primary Cd
over the actual marketed amount; it is not accounted for officially,
and remains stockpiled as an unrefined raw metal at zinc mining
or refining sites, or is otherwise ‘lost’ to the environment. While
these Cd stocks are not reported, nor even classifiable as actual
emissions, the sheer lack of information on their management
fuels concerns about their adverse environmental effects.

There are four principal industrial uses for cadmium: recharge-
able (NiCd) batteries (82%), pigments (10%), plating (6%), and
plastic stabilizers (1.5%) (UNEP, 2006; ICdA, 2005). In 2008, the
new sector, CdTe PV, absorbed a quantity of Cd corresponding to
about 0.6% of reported total Cd use in 2005. We underline here an
important differentiation between batteries and PV on one side,
and pigments, plating, and stabilizers on the other: while Cd is
present in the former applications in self-enclosed compartments
and can be fully recycled (at least in principle), the latter three

Table 1
Cd demand scenarios for CdTe PV in 2025 and 2050.

applications are dissipative ones, and thus an inevitable source of
eventual Cd contamination.

There is considerable uncertainty on the potential long-term
change in global demand for NiCd batteries; however, it seems
reasonable to assume that there should not be any major changes
ahead in the next two-three decades compared to the last 10-15
years. Hence, for our prospective analysis, we decided to keep
constant the current value of the yearly global Cd use for NiCd
batteries. For all the other sectors analyzed, there is little reason
to doubt that the present exponentially decreasing trend will be
maintained, and we made our projections accordingly, employing
regression equations.

We then integrated these extrapolated trends with our
projections about the future development and deployment of
CdTe PV according to the three scenarios discussed in Section 1
(Fig. 1). Depending on the assumptions, up to 15% of global Cd
demand will be allocated to CdTe PV in 2050 (Table 1).

3. Cadmium emissions

The information on direct Cd emissions flows is fragmentary,
and all inventories carry varying degrees of uncertainty. In our
study, we collected the results of the two most relevant, up-to-
date European research projects (ESPREME, 2006; ECB, 2007), and
integrated them to encompass the full body of 27 countries
constituting the European Union (EU-27).

By and large, the major source of yearly Cd emissions to air in
Europe is the combustion of fossil fuels in coal- and oil-fired
power plants and boilers, accounting for over 60% of the total. The
average Cd content in coal reportedly ranges from 0.1 g/tonne
(Pacyna and Pacyna, 2001) to 3 g/tonne (Swaine, 1995); petro-
leum oil has a comparatively lower Cd content, ranging 0.002-
0.2 g/tonne (Karlsson et al., 2004). Other important sources of
atmospheric Cd emissions are from producing and recycling
galvanized iron and steel, as well as the life cycle of non-ferrous
metal industrial products containing Zn, together adding up to
approximately 15% of the total emissions. A third relevant source
is the cement sector, contributing over 10% of the total. All other
sectors, including the full life cycle of NiCd batteries (accounting
for 82% of the total Cd demand) cumulatively add up to the
remaining 15%.

The most pertinent sources of emissions to water again are
the metal industries (71% of total), and the phosphate-fertilizer
sector (approximately 20% of total), which is also principally
responsible for the direct Cd pollution of agricultural soil. The
sedimentary phosphate rocks from which virtually all the
commercial phosphate is produced naturally contain cadmium

Year and scenario CdTe PV module Cd Te PV module

Cd demand for

Cumulative installed Yearly primary Percentage of yearly

efficiency(%) lifetime (years) PV modules (g/ capacity (GWp) Cd demand for global primary Cd
kWp)? CdTe PV (tonnes) demand® (%)
2008 ‘Base year’ 10.5 30 165 1.2 100 0.6
2025 ‘Pessimistic’ 12,5 30 97 25 149 1.0
2025 ‘Reference’ 13.5 30 90 195 1790 11
2025 ‘Optimistic’ 14.5 30 84 260 2700 16
2050 ‘Pessimistic’ 12.5 30 69 240 324 2.2
2050 ‘Reference’ 14 30 62 820 1310 85
2050 ‘Optimistic’ 16 35 54 1000 2440 15

2 System installed capacity, assuming a performance ratio of 80%. Cd utilization rate is considered to remain at its current level. CdTe and CdS layer thicknesses for
2008, respectively, were assumed for current ‘base year’ modules, and reductions of 30% and 50% of these thicknesses, respectively, were assumed for 2025 and 2050 (the
latter is a conservative estimate based on the information on past reductions in Cd use for module manufacturing, i.e. —30% from 2005 to 2008. Data provided by First Solar

Inc. (2009)).

b Assuming constant primary Cd demand for NiCd batteries and diminishing demand for other sectors (pigments, plating, and plastic stabilizers).
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Fig. 1. Historical data and projections for world primary cadmium use by application, from 1990 to 2050 (logarithmic scale).

in concentrations from about 15 to over 200 mg (Cd)/kg (P»0s)
(EC, 2001; Oosterhuis et al., 2000).

Fig. 2 summarizes this information in a flow-chart form,
wherein the thicknesses of the arrows representing Cd-emission
flows to water (5), soil (6) and air (7) are proportional to their
corresponding magnitudes (tonne/year). The main conclusion
from these findings is that the use of resources containing Cd as
an impurity (i.e. fossil fuels and phosphorous oxides) and
dissipative uses of the metal (e.g. alloys, pigments, and coatings)
unquestionably are the greatest sources of life cycle Cd
contamination. Public attention and policies first should be
directed at curbing these to the maximum extent possible.

Combining the results of a life cycle study based on the current
state-of-the-art of CdTe PV with these development scenarios, we
then assessed the likely range of global emissions to air due to this
technology up to 2050.

To track Cd emission flows, the life cycle of CdTe PV can be
subdivided into four stages: (i) Cd extraction and refining, (ii)
CdTe-powder production and PV-module manufacturing, (iii) PV-
module use, and (iv) PV-module decommissioning. We also
included the life cycle of balance of system (BOS) components
in our analysis, assuming a typical modern power-plant scale
installation (Mason et al., 2006).

(i) Cadmium production is driven entirely by Zn production;
therefore, in accordance to the ISO standard 14044 (ISO,
2006), the emissions in the mining and Zn refining are
entirely allocated to zinc. The emissions in all the steps
following the formation of Cd sponge to the production of
99.999% pure Cd are allocated to the latter.

Cd emissions to air during Cd purification and CdTe production
were estimated by Fthenakis (2004) to be 12 mg(Cd)/kg (Cd
production). In the current vapor transport deposition-based
manufacturing, the total Cd emissions from all manufacturing
and recycling operations are 0.4 mg Cd/kg Cd input'. Including
all the items in the life cycle inventory of PV-module
manufacturing, we calculated here a total of 1.3 mg (Cd)/m?
of module. It is noteworthy that by far the largest share of these
emissions is unrelated to the specific PV technology being
employed (e.g. tempered glass, EVA and the transparent

(ii

—

conductive oxide (TCO) play a relevant role). BOS components
contribute with an additional 0.4 mg (Cd)/m? (i.e. 25% of the
total), which are mainly due to the steel for the support
structure and the fuel used for construction. Water discharges
are cleaned to below permissible limits (in Germany below
0.07 ppm) and there are no discharges to soil in the current
CdTe PV manufacturing plants. The total Cd in liquid effluents is
about 300 g/100 MW production’, i.e. 0.3 mg (Cd)/m?. Accord-
ing to the main source used for background data (Ecoinvent,
2007), an additional 0.8 mg (Cd)/m? are emitted to freshwater
through the production of the TCO and tempered glass. Finally,
BOS components add another 2.0 mg (Cd)/m? (i.e. 60% of the
total), again mainly because of the steel structure.

(iii) Virtually no emissions are associated with the use phase,
because cadmium in CdTe PV modules is present only as
chemically stable compounds (i.e. CdTe and CdS) that are
enclosed and sealed within two glass panes. Thus, we do not
expect any emissions, while the modules are in place.
Experimental tests showed that even in accidental fires, CdTe
would be captured in the molten glass and very little could be
released into the environment (Fthenakis et al., 2005).

(iv) For the disposal phase, we assumed that all the CdTe PV
modules will be recycled at the end of their useful life
(Fthenakis, 2009); BOS components were also assumed to be
recycled for the most part, except for the concrete founda-
tions, which were assumed to be left on site. No environ-
mental credits were assigned for the materials sent to
recycling (open-loop model). The current leading manufac-
turer (First Solar) implemented a take-back policy, setting
aside sufficient funds to meet the estimated costs of
collecting and recycling modules (First Solar, 2009b). Future
competing manufacturers are likely to follow this example,
and, indeed, this already has happened in at least two
instances (PrimeStar Solar, 2009; Abound Solar, 2009). The
recycling method, we analyzed in this study, is the only one
that was tested on a full-production scale by the world’s
leading producer of CdTe modules (Sander et al., 2007);

1 Data provided by First Solar Inc. (2009)
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Fig. 2. Flowchart of current Cd flows in EU-27. Arrow thicknesses for all Cd-emission flows to water (5), soil (6), and air (7) are proportional to the corresponding

magnitudes (tonne/year).

Table 2
Cd emission scenarios for CdTe PV in 2025 and 2050.

Global Cd emissions to air
due to CdTe PV (kg/year)

Year and scenario

As relative to current Cd
emissions to air in EU-27 (%)

As relative to current Cd
emissions to water in

Global Cd emissions to water
due to CdTe PV (kg/year)

EU-27 (%)

2008 ‘Base year’ 0.8 0.0002 2.0 0.004
2025 ‘Pessimistic’ 17 0.0043 40 0.07
2025 ‘Reference’ 130 0.033 310 0.56
2025 ‘Optimistic’ 170 0.043 400 0.72
2050 ‘Pessimistic’ 100 0.025 240 0.42
2050 ‘Reference’ 320 0.080 760 14

2050 ‘Optimistic’ 350 0.088 840 1.5

detailed inventory data were made available. The spent PV
modules are cut and then crushed into pea-sized fragments,
and leached in a dilute solution of sulphuric acid and
hydrogen peroxide. Cd, Te, and Cu are precipitated from the
solution together; the recovered filter cake finally is sent out
for re-processing into high-purity metals. We omitted the re-
processing of the filter cake from our analysis, adopting
instead an open-loop recycling model according to which the
Cd is attributed entirely to those other product systems that
then use the purified metals (Guinée, 2001). The recycling
processes employs 99.97% efficient HEPA filters throughout,
so that Cd emissions to air from crushing operations are
effectively captured. As mentioned above, the total residual
emissions from all production and recycling operations are
0.4 mg Cd/kg Cd. We calculated Cd emissions to water by
taking for granted that the treatment of the waste-water
effluents assures they meet the current European limit of
0.2 ppm for cadmium (Council Directive 83/513/EEC); the
resulting discharge rate is approximately 1 mg of Cd per
square metre of decommissioned PV module. Actually, the
currently operating facility in Frankfurt-Oder complies with
an even lower threshold level (i.e. 0.07 ppm of Cd).

We then calculated the average yearly Cd emissions associated
with CdTe PV in our three future scenarios by supposing that the

modules’ characteristics remain at their initial values up to the
end of the time spans considered (i.e. 2008-2025 and 2026-
2050), and discounting them per-kWp over the respective module
lifetimes. All emissions are calculated on the basis of the full life
cycle of the PV system, i.e. they include manufacturing and end of
life of both the PV modules and BOS. Table 2 gives our results.

We note that these values can be regarded as the ‘worst case’
predictions for Cd emissions, since reasonably we can assume that
changes in module characteristics will be gradual rather than
abrupt, resulting in correspondingly better performance earlier
(for instance, Cd use for module manufacturing in 2008 is already
down by approximately 30% compared to 2005 levels). Also, a
sizeable fraction of these Cd emissions are due to non-technology
specific inputs (e.g. TCO and glass) and the steel-based support
structure; both these contributions could be heavily reduced in
the future, for instance switching to alternative encapsulation
substrates and/or support materials (e.g. wood).

Fig. 3 presents a general overview of the current cadmium
flows in the EU-27 (wherein items are numbered in the same way
as in Fig. 2), and compares them to the findings from our
prospective analysis of the potential global Cd emissions to air
and water due to a large-scale deployment of CdTe PV in 2025 and
2050. Error bars are provided, indicating, respectively, +/—50% for
EU flows, and the range of our three scenarios for the future global
emissions due to CdTe PV.
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Fig. 3. Current Cd flows in EU-27 compared to potential future global Cd emissions caused by CdTe PV (logarithmic scale). Assumed maximum cumulative capacities are
260 GWp in 2025 and 1 TWp in 2050. Numbers in parenthesis (1-7) refer to corresponding flows in Fig. 2.

4. Discussion and conclusions

As is common in long-term prospective studies, an inevitable
range of uncertainty remains, reflecting, on the one hand, the
intrinsic variability in the life-cycle inventory databases, and on
the other hand, the different assumptions made in the three
scenarios. However, we are strikingly reassured after comparing
the findings from our prospective global analysis to the current
routine Cd flows in the EU-27.

Firstly, since cadmium is contained in zinc ores, is inevitably
mined with them and generated as a by-product or a waste
product of the Zn production, the increased usage of CdTe
photovoltaics may be regarded as beneficial to the global
environment by effectively sequestering a non-negligible amount
of cadmium from otherwise potentially harmful left-over stock-
piles.

Secondly, even under the largest growth scenario of 1 TWp of
installed CdTe PV power in 2050, the related Cd emissions to
water and air, would be lower by at least two and three orders-of-
magnitude than the present yearly Cd emissions within the EU-27
alone. It is also noteworthy that whenever CdTe PV specifically
replaces coal in power generation, it lowers by 100-360 times the
associated Cd emissions to air (Fthenakis, 2004).

In conclusion, our prospective life cycle analysis suggests that
a large growth in the CdTe PV sector has the potential to actually
reduce, rather than increase, overall global cadmium-related
environmental pollution.
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Abstract—Fate and transport analysis has been performed to evaluate potential exposures to cadmium (Cd) from cadmium telluride
(CdTe) photovoltaics (PV) for rainwater leaching from broken modules in a commercial building scenario. Leaching from broken
modules is modeled using the worst-case scenario of total release of Cd, and residential screening levels are used to evaluate potential
health impacts to on-site workers and off-site residents. A rooftop installation was considered rather than a ground-mount installation
because rainwater runoff is concentrated via building downspouts in a rooftop installation rather than being dispersed across large areas
in a ground-mount installation. Fate and transport of Cd from leachate to soil are modeled using equilibrium soil/soil-water partitioning.
Subsequent migration to ambient air as windblown dust is evaluated with a screening Gaussian plume dispersion model, and migration to
groundwater is evaluated with a dilution-attenuation factor approach. Exposure point concentrations in soil, air, and groundwater are one
to six orders of magnitude below conservative (residential soil, residential air, drinking water) human health screening levels in both a
California and southern Germany (Baden-Wiirttemberg) exposure scenario. Potential exposures to Cd from rainwater leaching of broken
modules in a commercial building scenario are highly unlikely to pose a potential health risk to on-site workers or off-site residents.
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INTRODUCTION

Solar energy is an important technology for climate change
mitigation and development of a low carbon economy because
it offers the highest global technical potential for electricity
generation among renewable energy sources [1]. In particular,
cadmium telluride (CdTe) thin film photovoltaic (PV) modules
have the lowest life cycle carbon footprint and fastest energy
payback time of current PV technologies [2]. Although CdTe
has been shown to be significantly less toxic than elemental
cadmium (Cd) on an acute basis [3], the primary health and
safety concern for CdTe PV is the potential introduction of Cd
compounds into the environment. When considered on a life
cycle basis from raw material acquisition through product end-
of-life, CdTe PV has been found to produce environmental Cd
emissions to air that are no higher than those from conventional
silicon PV technologies [4,5]. Moreover, because Cd is an
unavoidable by-product of Zn mining, large-scale deployment
of CdTe PV sequesters waste Cd that would otherwise be
disposed of [6]. Prefunded end-of-life takeback and recycling
programs also significantly reduce the overall environmental
impact of CdTe PV modules [7].

Under normal operation, CdTe PV modules do not pose a
threat to human health or the environment, because during the
manufacturing process, the CdTe semiconductor layer is bound
under high temperature to one sheet of glass, coated with an
industrial laminate material, and then encapsulated between a
second sheet of glass. However, some stakeholders have raised
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concerns about the potential exposure to CdTe from leaching
of broken modules, defined as modules with cracked glass
or broken pieces. Breakage results from extreme weather or
human factors. Although rare, breakage followed by precip-
itation may potentially result in leaching of CdTe from modules
and subsequent exposure to Cd compounds in soil, air, or
groundwater. This analysis uses fate and transport modeling
to estimate potential exposures to Cd compounds resulting
from leaching and then evaluates the potential health effects
associated with these exposures.

Fate and transport scenarios were evaluated for two geo-
graphic locations, southern Germany and California. Germany
is among the world’s leading PV markets, having accounted for
nearly half of global demand in 2010 [8]. This analysis focuses
on the higher solar irradiance region of southern Germany
(Federal State of Baden-Wiirttemberg). California is a leading
PV market in the United States, and in 2011, the California state
legislature adopted a renewable portfolio standard of 33% by
2020 (http://www.cpuc.ca.gov/PUC/energy/Renewables/index.
htm).

In the present analysis, a commercial building scenario was
chosen rather than a residential building scenario because the
larger PV array size for commercial buildings increases the
probability that module breakage may occur in a given year.
However, both nonresidential (on-site) and residential (off-site)
exposure scenarios were considered and evaluated using resi-
dential screening values. A rooftop installation was considered
rather than a ground-mount installation because rainwater run-
off can be concentrated via building downspouts in a rooftop
installation (impact via concentrated stream) rather than being
dispersed across large areas in a ground-mount installation. The
evaluation considers the worst-case scenario in which the total
mass of Cd in each broken module is released.
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MATERIALS AND METHODS

The present analysis considers broken CdTe PV modules
located on the rooftop of a commercial building. Potential
receptors considered for analysis include on-site commercial/
industrial workers and off-site residents. Under this exposure
scenario, potential exposure to Cd is considered for commer-
cial/industrial workers via inhalation of, dermal contact with,
and ingestion of Cd leached into soil, as well as exposure to
groundwater potentially impacted by leachate. Also under this
exposure scenario, potential exposure to Cd is considered for
off-site residents via inhalation of windblown dust from
affected soil and exposure to groundwater potentially impacted
by leachate.

To characterize these potential exposure scenarios, exposure
point concentrations of Cd in soil, air, and groundwater are
estimated using a fate and transport analysis. The estimated
exposure point concentrations are the relevant concentrations to
which on-site workers or off-site residents may potentially be
exposed. The exposure point concentration for soil is only
relevant to the on-site worker who may potentially have inci-
dental contact with on-site surface soil during the workday. The
exposure point concentration for air is relevant to both the on-
site worker and off-site resident who may potentially inhale
affected ambient air. The exposure point concentration for
groundwater is relevant to both the on-site worker and off-site
resident who may potentially use groundwater as drinking
water.

To evaluate potential human health impacts, estimated
exposure point concentrations are compared to human health
screening levels. Nonresidential screening levels are applicable
to the on-site worker, whereas residential screening levels are
applicable to the off-site resident. In this evaluation, the res-
idential screening levels are used in comparison with estimated
exposure point concentrations to be protective of both on-site
workers and off-site residents. Specifically, for California,
residential screening levels for soil (1.7mg/kg) and air
(1.4 x 107> wg/m>) are used instead of commercial/industrial
screening levels of 7.5mg/kg and 6.8 x 10~ wg/m?, respec-
tively. For Germany, a residential screening level for soil
(2mg/kg) is used instead of a commercial/industrial screening
level of 60 mg/kg.

The fate and transport methodology used to estimate migra-
tion of Cd from the emission point (broken module) to the
exposure point (soil, air, or groundwater) is summarized
in Figure 1 and described with Equations 1 to 5 below. The
concentration of Cd in leachate resulting from rainwater that
falls upon and runs off broken modules is estimated based on a
worst-case mass balance approach, where all the mass of Cd in
each broken module is assumed to be transferred from the
module into the volume of rainfall that falls upon the module
during the exposure period. The subsequent concentration of Cd
in rainwater runoff from the overall module array is calculated
using a weighted average between impacted runoff from broken
modules and nonimpacted runoff from unbroken modules. It
should be noted that the assumption of total release of Cd from a
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Fig. 1. Fate and transport schematic of migration from emission point
(rainwater leaching from broken module) to exposure point in soil, air, and
groundwater.
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broken module was adopted for the purpose of conducting
screening level risk assessment, but is unlikely in the light of
low experimentally measured emissions from broken or burnt
modules [4].

It is assumed that the rooftop runoff is conveyed via down-
spouts and discharged onto the ground surface over an area of
1 m? per downspout. Chemical concentrations in vadose (unsa-
turated) zone soil pore water at these discharge locations are
assumed to be equal to the concentrations in the rooftop runoff
discharge. The vadose zone soil pore water throughout the rest
of the site is assumed to be nonimpacted. For the commercial
building scenario, a roof with dimensions of 50 x 50m is
assumed to be completely covered by CdTe PV modules of
dimensions 0.6 x 1.2m each. Twenty-five downspouts are
assumed for the building, based on the roof area being 25 times
larger than a standard residential building (10 x 10m) [9],
where the latter would have one downspout.

The vadose zone soil pore water concentration in each 1 m?
downspout ground surface area is estimated with the worst-case
mass balance approach in Equation 1, where the numerator
represents the total annual release of Cd and the denominator
represents the total annual column of rainfall.

_N><M><CF><B
B PxA
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where CV is the Cd concentration in vadose soil pore water
(mg/L); N is the number of modules (unitless); M is the mass
of Cd per module (g); CF is the conversion factor (mg/g); B is
the module breakage rate (year '); P is the annual average
precipitation (L/mz-year), which is annual precipitation (m/year)
falling over 1 m? converted to units of L from m?; and A is the area
of roof-top array (m?).

The potential transport of Cd to soil is evaluated in accord-
ance with the equilibrium-partitioning approach described
in the U.S. Environmental Protection Agency (U.S. EPA)
soil screening guidance [10,11]. It is assumed that the surface
soil where rainwater runoff is discharged is instantaneously
impacted with Cd, at the concentration predicted by equilibrium
partitioning between the water and soil matrices, as expressed
by the soil/soil-water partitioning coefficient (K,;) value for Cd
(Eqn. 2).

CSeq =CV x (Kd + Q—W) 2
Po
where CS, is the equilibrium concentration of Cd in impacted
soil (mg/kg); CV is the concentration of Cd in vadose zone soil
pore water (mg/L); K4 is the soil/soil-water partitioning
coefficient (L/kg); 8y, is the soil water-filled porosity (unitless);
and py, is the soil dry bulk density (kg/L).

For this scenario, it is assumed that the entire area of the site
evaluated here is uncovered by concrete or asphalt and is open
bare soil to allow the runoff water to penetrate into site soils. In
actuality, commercial sites are often completely covered by
concrete or asphalt. On-site commercial/industrial workers are
assumed on average to be exposed to site soils across the entire
portion of the site that is not occupied by the building. Exposure
point concentrations of chemicals in soil are therefore calcu-
lated as site-wide average concentrations, incorporating areas
of impacted soils (at the worst-case concentrations predicted
by equilibrium partitioning) and nonimpacted soils (Eqn. 3).
The exposure area (SA-A; Fig. 2) is assumed to be the same as
that for a residential building [9], even though a commercial
building property would likely be larger, therefore with larger
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Fig. 2. Site schematic.

nonimpacted areas. This assumption accounts for the potential
of at least part of the site to be covered.

1A

CS = CSeq X b
" (SA — A)

3)
where CS is the exposure point concentration of Cd in soil
(mg/kg); CS.q is the equilibrium concentration of Cd in impacted
soil (mg/kg); IA is the impacted area (m?); SA is the site area
(mz); and A is the area of building (mz).

The potential transport of Cd from impacted soil to ambient
air is estimated (Eqn. 4) using the U.S. EPA-recommended
default windblown dust emissions flux for wind erosion
(1.38 x 1077 g/s—mz) [11]. As noted above, the uncovered por-
tion of the site is assumed to be bare earth for the purpose of this
analysis, whereas commercial sites are frequently landscaped or
covered by concrete or asphalt. It is assumed that Cd is present
in this windblown dust at the soil concentration predicted by
equilibrium partitioning (Eqn. 2). The U.S. EPA screening
Gaussian plume dispersion model SCREEN3 [12] is used in
conjunction with the emissions flux to estimate worst-case
concentrations of dust and thus Cd in ambient air. The max-
imum hourly dust concentration from SCREEN3 was adjusted
with a persistence factor of 0.08 [13] to derive the annual worst-
case concentrations of dust.

CA = CS¢y x CD x CF; x CF, “4)

where CA is the exposure point concentration of Cd in air
(pbg/m3); CS,is the equilibrium Cd concentration in soil (mg/kg);
CD is the worst case dust concentration in air (mg/ms); CF; is
the conversion factor (kg/mg); and CF, is the conversion factor
(ng/mg).

The potential transport of Cd to groundwater is evaluated in
accordance with the dilution-attenuation factor (DAF) approach
described in the U.S. EPA soil screening guidance [10,11]. It is
assumed that vadose zone soil water, from the ground surface to
the groundwater table, contains Cd at the module array-runoff
concentration discussed above in Equation 1 (i.e., it is assumed
the soil column does not adsorb any Cd). The potential con-
centration of Cd in groundwater at the hypothetical point of
usage, which is assumed by the model to be a groundwater
extraction well located 25 ft from the edge of the impacted area,
is calculated by applying an upper bound (95th percentile) DAF
[14] to the vadose soil water concentration (Eqn. 5). Note that
for DAF values, higher percentiles represent numerically lower
values, indicating less dilution-attenuation, and therefore higher
groundwater concentrations.

CvV
CW = DAF x CF )
where CW is the exposure point concentration of Cd in
groundwater (pg/L); CV is the concentration of Cd in vadose
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zone soil pore water (mg/L); DAF is the dilution-attenuation
factor (unitless); and CF is the conversion factor (pg/mg).

The specific fate and transport modeling parameters used in
Equations 1 to 5 are summarized in Table 1. The parameters are
the same for the two geographies evaluated, with the exception of
higher average annual precipitation (37.32 inches/year; http://
www?2.lubw.baden-wuerttemberg.de/public/abt5/klimaatlas_bw/
klima/aenderungen/ba-wue/niederschlag/index.html) for Baden-
Wiirttemberg, relative to California (21.44 inches/year; http://
www.nationalatlas.gov/printable/precipitation.html). In addition,
the German dry soil bulk density (1.4kg/L; average between
settlement and grassland areas [15]) is slightly lower than that
used for California (1.5kg/L [11]).

It should also be noted that the German Federal Environment
Ministry does not provide a default value for the soil/soil-water
partitioning coefficient data (Ky) for cadmium, due to low
mobility in groundwater [16]. In this evaluation, the K4 value
used for the California exposure scenario is applied to the
southern Germany exposure scenario.

RESULTS

Exposure point concentrations of Cd in soil, air, and ground-
water derived in Equations 3 to 5, respectively, are summarized
in Table 2, and compared to human health screening levels for
each of these media. For the California case, the screening
levels in soil, air, and groundwater are from the California
Human Health Screening Levels, U.S. EPA Region 9 Regional
Screening Levels, and U.S. National Primary Drinking Water
Regulations, respectively. Residential soil and indoor air
screening values are used, both of which are more protective
than the commercial building soil and outdoor air exposure
scenarios considered here.

In the southern Germany case, the soil screening level is
from the residential trigger value in Annex 2 of the Federal Soil
Protection and Contaminated Sites Ordinance (http://www.
umweltbundesamt.de/boden-und-altlasten/altlast/web1/berichte/
pdf/bbodschv-engl.pdf). The standard residential trigger value
in soil is 20 mg/kg, whereas for the special case of gardens in
which children stay and food plants are grown, a residential
trigger value of 2mg/kg applies. Table 2 presents the latter
more protective soil screening value, which is similar to the
California Human Health Screening Levels value used for
California. The German air screening level is based on World
Health Organization air quality guidelines for Europe [17] and
is slightly higher in magnitude than the California air screening
level. The groundwater screening level is from the German
regulation on drinking water (http://www.umweltbundesamt.
de/wasser-e/themen/trinkwasser/gesetze.htm) and is the same
as the U.S. drinking water standard.

In the California and southern Germany cases, exposure
point concentrations in soil, air, and groundwater are one to six
orders of magnitude below human health screening levels,
indicating that it is highly unlikely that exposures to these
media would pose potential health risks to on-site workers or
off-site residents. In particular, air concentrations are below
screening levels by five to six orders of magnitude, indicating
exposure to ambient air is a de minimis exposure pathway.

For reference, the average background Cd concentration in
California surface soils is 0.36 mg/kg [18], whereas average
background surface soil Cd concentrations in Baden-Wiirttem-
berg range from 0.2 to 0.3 mg/kg [19]. Therefore, modeled
impacts to soil are over an order of magnitude below both
human health screening levels and regional background levels.
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Table 1. Fate and transport modeling parameters used in conjunction with Equations 1 to 5 for California (CA) and Baden-Wiirttemberg (B-W)
exposure scenarios®

Equation 1 parameters® Equation 2 parameters® Equation 3 parameters’ Equation 4 parameters® Equation 5 parameters"

N: 3472 CV (CA/B-W): CS.q (CA/B-W): CS.q (CA/B-W): CV (CA/B-W):
0.00612/0.00352 mg/L 0.460/0.265 mg/kg 0.460/0.265 mg/kg 0.00612/0.00352 mg/L

M: 6 g/module Kq: 75L/kg IA: 25 m? CD: 55x10°¢ DAF: 7.82

CF: 1000 mg/g Oy: 0.3 SA: 3400 m* CF,: 0.000001 kg/mg CF: 1000 pg/mg

B: 0.04% year ' pp (CA/B-W): 1.5/1.4kg/L A: 2500 m? CF;: 1000 pg/mg

P (CA/B-W)?: 545/947 L/m*-year
A: 2500 m?

#When two values are provided for a given parameter, first value is for CA and second value is for B-W.
® Parameters in Equation 1 are N (number of modules), M (mass of Cd per module), CF (conversion factor), B (module breakage rate), P (annual average

precipitation), and A (area of building).

¢ Parameters in Equation 2 are CV (concentration of Cd in vadose zone soil pore water), K4 (soil/soil-water partitioning coefficient), 8., (soil water-filled

porosity), and py, (soil dry bulk density).

9 Parameters in Equation 3 are CSq (equilibrium concentration of Cd in impacted soil), IA (impacted area), SA (site area), and A (area of building).
¢ Parameters in Equation 4 are CS.q (equilibrium Cd concentration in soil), CD (worst case dust concentration in air), CF; (conversion factor), and CF,

(conversion factor).

fParameters in Equation 5 are CV (concentration of Cd in vadose zone soil pore water), DAF (dilution-attenuation factor), and CF (conversion factor).
€ Precipitation parameter (P) is based on annual average precipitation of 21.44 and 37.32 inches for California and Baden-Wiirttemberg respectively.

For further perspective on soil impacts, Cd is commonly found
in agricultural fertilizers. California is among the top users of
agricultural fertilizer in the United States and analysis of metals
in fertilizer samples has been performed by the California
Department of Food and Agriculture, with median Cd concen-
trations of 89 mg/kg in phosphate fertilizer and 37 mg/kg in
nitrogen/phosphorus/potassium (NPK) fertilizer [20]. Similarly,
average Cd concentrations in phosphate and NPK fertilizer in
Germany are 60 and 18 mg/kg, respectively (http://www.bfr.
bund.de/cm/343/cadmiumaustrag_ueber_duengemittel.pdf).
These values are over three orders of magnitude higher than the
estimated exposure point concentration in soil in California and
southern Germany (Table 2).

For reference, average background Cd (total suspended
particulate) concentrations in California ambient air monitoring
stations ranged from 0.0008 to 0.001 pg/m® in 2008 (http:/
www.epa.gov/air/data/geosel.html). Similarly, average back-
ground Cd concentrations in Europe range from 0.0001 to
0.0004 wg/m> in rural areas and 0.0002 to 0.0025 pg/m> in
urban areas [21]. Therefore, modeled impacts to air are five
orders of magnitude below both health screening levels and
background levels.

For reference, the average background Cd concentration in
groundwater from 1984 to 2004 in California Air Force bases
ranged from <0.004mg/L (50th percentile) to 0.006 mg/L
(95th percentile; http://www.dtsc.ca.gov/assessingrisk/upload/
metals_handout.pdf). In Baden-Wiirttemberg, average back-
ground Cd concentrations in groundwater range from
0.00052 to 0.0039 mg/L [22]. Therefore, modeled impacts to

groundwater in California and southern Germany are below
both human health screening levels and background levels.

In addition to soil, air, and groundwater, another route of
potential concern is direct discharge of rooftop runoff to storm-
water catch basins. In combined sewer systems, stormwater and
wastewater are collected together and treated at a publicly
owned treatment works (POTW). The worst-case rooftop runoff
Cd concentration (assuming total release of Cd from broken
modules) is equivalent to the estimated Cd concentration in
vadose soil pore water (CV; 0.004-0.006 mg/L; Table 1).
Because this concentration is approximately consistent with
drinking water standards, impacts to POTW’s from rooftop
runoff are expected to be minimal.

DISCUSSION

The fate and transport analysis conducted here represents a
worst-case scenario of total Cd release from broken modules.
An implicit assumption for this scenario is that a broken module
would remain undetected and in the field over the exposure
duration. This is a screening level assumption that would likely
not occur given routine inspections of modules or power output
monitoring. For example, the latter may include diagnostic
comparison of actual to expected performance or comparison
of co-located arrays to identify low performance areas and
modules that are nonfunctioning potentially due to breakage.

Another implicit assumption is that emissions of CdTe from
rainwater leaching of broken modules can be modeled as
emissions of Cd, a “read-across” approach. This is a screening

Table 2. Estimated exposure point concentration (EPC) and corresponding human health screening level in soil, air, and groundwater.

Soil EPC Soil screening Air EPC Air screening Ground-water Ground-water screening

(mg/kg) level (mg/kg) (ng/m?) level (ng/m’) EPC (mg/L) level (mg/L)
California® 1.28 x 1072 1.7 2.53% 107 1.4x1073 7.83x107* 5%x107°
Baden-Wiirttemberg” 7.35x 1073 2 1.46 x 1077 5%107° 450 x107* 5%107°

“ California screening levels are from the California Human Health Screening Levels (http://www.calepa.ca.gov/brownfields/documents/2005/CHHSLsGuide.
pdf) for soil, USEPA Region 9 (http://www.epa.gov/region9/superfund/prg/) for air, and U.S. National Primary Drinking Water Regulations (http://water.epa.
gov/drink/contaminants/index.cfm) for groundwater.

® German screening levels are from Annex 2 of the Federal Soil Protection and Contaminated Sites Ordinance (http://www.umweltbundesamt.de/boden-und-
altlasten/altlast/web1/berichte/pdf/bbodschv-engl.pdf) for soil, World Health Organization air quality guidelines for Europe [17] for air, and German regulation
on drinking water (http://www.umweltbundesamt.de/wasser-e/themen/trinkwasser/gesetze.htm) for groundwater.
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level assumption because CdTe is relatively insoluble [3,23].
For example, transformation and dissolution testing is designed
to determine the rate and extent to which sparingly soluble
metal compounds can produce soluble available ionic species in
aqueous media under a set of standard laboratory conditions
representative of those generally occurring in the environment.
Based on long-term transformation and dissolution testing of
CdTe, a 1 mg/L loading showed a concentration of 15 g of Cd
per L after 28 d, indicating approximately 1.5% solubility [24].
This is also consistent with the very low solubility product
(K =9.5 x 10) for CdTe [25]. In addition to low solubility,
CdTe can be contrasted with elemental Cd and other Cd
compounds based on limited bioavailability and low acute
toxicity, which result in an overall margin of safety of two
orders of magnitude likely inherent to CdTe screening assess-
ments developed using the read-across approach from Cd [25].

Because of the low solubility of CdTe, aggressive extraction
methods are required to leach CdTe from a module. Such
methods are used, for example, in the recycling process for
CdTe modules. They involve crushing the module into mm-
scale pieces and agitating it in an acidic solution [7]. These
extraction methods in no way mimic actual broken or cracked
module exposure to rainwater. Therefore, the assumption of
total Cd release from broken modules is highly unlikely.

In addition to this worst-case assumption, other upper bound
assumptions are used in the analysis. Migration from vadose
zone soil pore water to soil is modeled with equilibrium
partitioning, which represents the theoretical maximum con-
centration possible in the solid phase, for a given concentration
in soil pore water. Subsequent migration from soil to air is
modeled using the SCREEN3U.S. EPA Gaussian plume
dispersion model to estimate worst-case concentrations of
windblown dust.

The approach used to estimate groundwater impacts is also
upperbound because it does not account for the loss of chemical
mass from the pore water during soil-water partitioning, instead
assuming that the pore water is instantaneously in equilibrium
with the solid soil phase. Accordingly, no mass in pore water is
lost to the solid soil phase during partitioning, when in actuality
some of this mass partitions into the solid soil phase, with a
subsequent reduction in the concentration of Cd in the pore
water with depth, until equilibrium is reached. Accounting for
the loss of chemical mass from the pore water to the solid phase
would lower chemical concentrations in soil water that are
assumed to penetrate to groundwater and so reduce predicted
groundwater exposures. In addition, the DAF assumes that there
is an infinite source of mass available for release. Conserving
mass would likely reduce the average long-term groundwater
concentration estimated using the DAF approach and so result
in lower groundwater exposures. Moreover, the dilution-attenu-
ation factor used was a 95th percentile DAF where the higher
percentiles represent numerically lower DAF values, indicating
less dilution-attenuation and therefore higher groundwater con-
centrations. All of these factors contribute to the likelihood that
impacts to groundwater are overestimated. Also as described
earlier, under German groundwater assessment methodology, a
default soil/soil-water partitioning coefficient data (Kg) is not
provided, due to low mobility of Cd in groundwater [16]
implying that using the DAF approach will result in an over-
estimate of groundwater concentration.

The soil/soil-water partitioning coefficient used in Equation 2
is pH-dependent. In the absence of site-specific soil pH, the
default recommended soil pH of 6.8 was used in this analysis,
corresponding to a Cd soil/soil-water partitioning coefficient of
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75 L/kg. The latter coefficient ranges from 17 L/kg at soil pH of
5 to 4,300L/kg at soil pH of 8 [11]. The equilibrium concen-
tration of Cd in impacted soil is proportional to the soil/soil-
water partitioning coefficient (Eqn. 2). Therefore, under acidic
soils, the exposure point concentration in soil may be up to a
factor of 4.4 lower than the concentration estimated in Table 2.
For alkaline soils, the exposure point concentration in soil may
be up to a factor of 57 higher than the concentration estimated in
Table 2. However, because the soil exposure point concentra-
tions in Table 2 are over two orders of magnitude below
screening levels, potential health risks from exposure to soil
are highly unlikely under varying soil pH.

The number of building downspouts (25) is based on the
commercial building roof area being 25 times larger than a
standard residential building with one downspout. The number
of downspouts affects the impacted soil area (parameter IA in
Eqn. 3), with each downspout discharging onto 1 m” of ground
surface area. With additional downspouts, the soil exposure
point concentration estimated with Equation 3 would increase
proportionally. However, because the soil exposure point con-
centrations in Table 2 are over two orders of magnitude below
screening levels, potential health risks from exposure to soil are
highly unlikely under variations in the number of building
downspouts.

Another screening level assumption is the module breakage
rate. Product return statistics have been obtained in the 2011
fourth quarter from First Solar’s warranty manager evaluating
global warranty trends (J. Sokol, First Solar, Perrysburg, Ohio,
USA, personal communication), including five years of actual
performance data with extrapolations to later years of product
life, based on an observed decline in breakage rate after the
installation and initial operating period. Module breakage
is rare, occurring in approximately 1% of modules over the
25-year warranty operating life, including the shipping and
installation period. Of these breakages, over one-third occurs
during shipping and installation and are removed for takeback
and recycling. In addition, a proportion of broken modules have
only chipped glass that does not affect the CdTe semiconductor
layer. These two considerations considerably reduce the rele-
vant breakage rate for modules that may be subject to leaching
by rainfall. Nevertheless in this analysis, a conservative break-
age rate of 1% over a 25-year life (0.04%/year) is applied.

The screening level approach used in this evaluation con-
siders each exposure medium (soil, air, groundwater) sepa-
rately. If an exposure point concentration for a chemical
exceeds a screening level, the chemical is of potential concern
to human health and requires further risk assessment. Con-
versely, if a screening level is not exceeded, it is highly unlikely
that the chemical may pose a potential health risk in that
exposure media. In addition to screening health risks for each
exposure medium, cumulative risks across exposure media were
considered using the exposure point concentrations in Table 2 in
conjunction with U.S. EPA exposure assessment methodology
[26,27] and the inhalation unit risk and oral reference dose for
Cd (http://www.epa.gov/iris/subst/0141.htm). Across the expo-
sure media of soil, air, and groundwater, cumulative risks and
hazards are below one in one million and the hazard index of 1,
respectively, as expected given that the media-specific exposure
point concentrations are orders of magnitude below human
health screening levels.

Overall, a worst case leaching scenario with screening level
fate and transport modeling yields impacts to soil, air, and
groundwater that are one to five orders of magnitude below
human health screening levels in a California and southern
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Germany exposure scenario. Potential exposures to Cd from
rainwater leaching of broken modules in a commercial building
scenario are highly unlikely to pose a potential health risk to
on-site workers or off-site residents.
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Assessment of leaching tests for evaluating potential environmental
impacts of PV module field breakage
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Abstract — Test methods from standard waste
characterization leaching tests used in the U.S., Germany, and
Japan were evaluated to determine if they can be used to help
evaluate potential environmental impacts from PV field
breakage. To assess the representativeness of leaching test
methods, PV module breakage types were evaluated from
warranty return data. Field breakages mainly consist of various
types of stress and impact fractures in which modules remain
largely intact with a number of glass fractures or cracks. By
breaking modules into cm-scale pieces and tumbling them in
solvent, waste characterization leaching tests can be more
aggressive than PV field breakage conditions with regards to
parameters such as fragment sample size, solvent, and
treatment method. An alternative test method was previously
used in Japan in which modules with a predetermined number
of cracks were subjected to simulated rainwater. This approach
is more representative of field conditions as modules are more
likely to experience cracks under field conditions than to break
into pieces.

Index Terms —photovoltaic
management, risk analysis

systems,  environmental

I. INTRODUCTION

With global installed capacity reaching approximately
180 GW through 2014 [1], solar photovoltaics (PV) are
making a significant contribution to new electricity supply in
key markets around the world. By directly converting
sunlight to electricity without emissions, solar PV can provide
a sustainable alternative to conventional electricity
generation. Development of utility-scale solar PV projects
can require evaluation of a wide variety of potential
environmental impacts, including impacts on biodiversity,
land use, water resources, and human health [2][3]. Some
stakeholders have raised concerns about the potential
environmental impacts of PV modules due to the presence of
environmentally sensitive materials, such as compounds of
Pb, Cd, In, and Se. Under normal operation, PV modules do
not pose a risk to human health or the environment, as the
semiconductor layer is encapsulated between a layer of glass
and a backsheet or a second layer of glass.

However, questions may arise with regards to non-
routine events, namely broken modules subject to leaching by
precipitation. Broken modules refer to modules with cracked
glass or broken pieces which may result from extreme
weather or human factors. In the case of thin film cadmium
telluride (CdTe) PV modules, module breakage is rare,
occurring in approximately 1% of modules over the 25-year

warranty operating life (0.04%l/yr) [4]. Of these breakages,
over one-third occur during shipping and installation and are
removed prior to plant operation. There is an observed
decline in breakage rate after the installation and initial
operating period (Fig. 1) [5]. In addition, a proportion of
broken modules have only chipped glass that does not affect
the semiconductor layer.
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Cumulative breakage rate as a function of months in

While rare, breakage followed by precipitation may
potentially result in leaching of metals from modules and
subsequent exposure in soil, air, or groundwater. Standard
leaching tests could be used to try to evaluate the potential
environmental impacts of broken PV modules. However,
leaching tests have typically been designed for one of two
objectives: identification of contents or waste characterization
for landfill disposal.

Contents testing determines the total concentration of
each target analyte in a sample. In the case of identifying
metal constituents in PV modules, contents testing typically
consists of acid digestion followed by spectrometry [6].
Samples are prepared by crushing module pieces to a powder
(mm scale or smaller) and digesting with repeated additions
of strong acid and oxidizing agent. The extracted metals are
subsequently measured with methods such as inductively
coupled plasma-atomic emission spectrometry.  Waste
characterization testing evaluates the soluble portion of
analytes in a sample using conditions representative of a
landfill. Test methods evaluate small (cm scale) fragments to
account for potential crushing of waste by landfill equipment.
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TABLE |
SUMMARY OF WASTE CHARACTERIZATION LEACHING TEST METHODS AND RESULTS FOR PV MODULES IN THE U.S., GERMANY, AND
JAPAN

Geography United States [7] Germany [8] Japan [9]

Ministry of Environment
Notice 13/JIS K 0102:2013

Leaching Test U.S. EPA Method 1311 (TCLP) | DIN EN 12457-4:01-03 | method (JLT-13)

Sample size (cm) 1 1 0.5

Sodium acetate/ acetic acid
(pH 2.88 for alkaline waste; pH

Solvent 4.93 for neutral to acidic waste) | Distilled water Distilled water

Liquid:Solid Ratio 20:1 10:1 10:1

End-over-end agitation (30+2
rotations per minute)

End-over-end agitation
(5 rotations per minute)

End-over-end agitation

Treatment Method (200 rotations per minute)

Test Temperature 23+2°C 20°C 20°C
Test Duration 18+2 hr 24 hr 6 hr
CdTePV |0.22 0.0016 - 0.0040 0.10-0.13

c-Si PV Non-detect (<0.1) - Non-detect (<0.01)
Leachate Cd
Concentration (mg/L) Limit 1 0.1 0.3

CdTe PV Non-detect (<0.1) - Non-detect (<0.01)

c-Si PV 3-11 - Non-detect (<0.01) - 0.90
Leachate Pb
Concentration (mg/L) Limit 5 - 0.3

The purpose of this study is to evaluate whether standard
leaching tests can be used to help evaluate potential
environmental impacts from PV field breakage. The focus is
on waste characterization leaching tests, because contents
testing provides data on the total quantity of metals but not
their availability under field conditions. In this study, field
breakage  conditions are compared with  waste
characterization leaching test methods to determine the
representativeness of the methods.

II. METHODS

Test methods from standard waste characterization
leaching tests used in the U.S., Germany, and Japan were
evaluated with regards to key parameters such as fragment
sample size, solvent, and treatment method. To assess the
representativeness of these parameters, product return data
were obtained over nine years of field deployment of thin film
CdTe PV modules. Module breakage types were analyzed,
corresponding to standard categories recorded during
warranty returns, including various types of stress and impact
fractures.  Data from the U.S. National Atmospheric
Deposition Program were analyzed to assess the range of

acidity typically present in rainfall, for comparison with
solvents used in leaching tests.

II1. RESULTS

Key test method parameters from leaching tests in the U.S.,
Germany, and Japan are presented in Table 1. These
parameters are evaluated with regard to their relevance to PV
field breakage conditions.

Sample size

The leaching test sample size in Table 1 ranges from 0.5-1
cm. In contrast, when PV modules break in the field, they
tend to fracture (Fig. 2), rather than break into distinct pieces,
due to the industrial laminate that encapsulates the module.
Based on warranty return data over 9 years of service, field
breakages largely consist of various types of stress and impact
fractures (Fig. 3), not cm-scale fragments. Impact fractures
are caused by external projectiles such as hail. Stress fractures
are caused by dynamic/static loads such as wind, snow, and
ice, or by thermal or physical propagation of undetected
microscopic defects resulting from installation and handling
damage. Module breakages can also occur at the attachment
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point due to improper clamping. Additional review of failure
modes for PV modules is available from the International
Energy Agency [10].

-

Fig. 2. PV module with fractured glass (impact, edge breakage).

M Stress, Corner Crack
M Impact, Edge Breakage
® Impact, Corner Breakage
M Attachment Point Breakage
M Chipped Edges
W Stress, Backglass Breakage
Impact, Backglass Breakage
Impact, Center of Module Crack
Stress, 2ft Side less than 50% crack coverage
Other Fracture

Fig. 3. PV module breakage types from warranty return data for
modules put into operation (1-113 months in service).

Solvent

Solvents used in leaching tests range from organic acids to
distilled water (Table 1). Organic acids are used to represent
mixed waste disposal conditions in which organic acids are
produced through fermentation of organic waste. Mixed
waste conditions do not exist in PV field breakage. Based on
data from the U.S. National Atmospheric Deposition Program
[11], the average annual pH of rainwater in the U.S. ranges
from approximately 4.7-6.7 (Fig. 4), which is less acidic than
the range of 2.88-4.93 used in the TCLP test.

7
3.5 é
r

pH

15

Fig. 4. Average annual rainfall pH in the U.S. (2011-2013) [11].

Treatment method

The sample treatment method of immersion in solvent and
rapid end-over-end agitation (Table 1) is designed to
accelerate the aging of the sample in order to allow a 6-24 hr
test to represent long-term leaching potential in landfill
conditions. However, there is an incentive to detect and
remove non-performing modules, rather than leave them
indefinitely in the field, which reduces the potential for long-
term leaching. Broken modules can be detected though
routine inspections of modules or power output monitoring.
The latter may include diagnostic comparison of actual to
expected performance or comparison of co-located arrays to
identify low performance areas and modules that are
nonfunctioning potentially due to breakage [4].

IV. DISCUSSION

The evaluation of test methods indicates that waste
characterization leaching tests can be more aggressive than
PV field breakage conditions with regards to parameters such
as fragment sample size, solvent, and treatment method. In
order to provide further bounds on worst-case leaching
potential from field breakage, data from two additional cases
are also discussed. Data are presented from previous leaching
tests of the raw semiconductor material CdTe, and from
intentional crushing of PV modules by a heavy-duty landfill
compactor.

CdTe has a very low solubility product in water (Ky, =
9.5%107%%) derived using Outotec HSC Chemistry software (V.
7.0) and experimental water solubility testing following
OECD Test Guideline 105 [12]. The CdTe K, corresponds to
an equilibrium Cd concentration in water of 9.7x108 mol/L
based on (1)-(3), or 1.1x10? mg/L given the molecular
weight of Cd (112.414 g/mol). The stoichiometric balance in
(2) is based on the high purity (99.999%) of semiconductor
grade CdTe.

K,, = |cd? Jre? | (1)

[Cd = [Tez‘] 2)

[y JKe 3)
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TABLE II
SUMMARY OF LEACHING TEST METHODS AND RESULTS ON THE RAW SEMICONDUCTOR MATERIAL CDTE*
Dissolution Dissolution Bio-elution
TCLP? [13] WETP [13] [13] [14][15] [14][16]
Sample size (um) 63-125 63-125 63-125 92-262 74-<100
Acetic acid, Citric acid, Hydrochloric
sodium sodium acid, sodium
hydroxide hydroxide hydroxide CO»-buffered Hydrochloric acid
Solvent (pH 4.93) (pH 5) (pH 3.5) water (pH 6) (pH 1.5)
Ambient Ambient
Headspace N> air N, air Ambient air 0.5% CO2-in-air Ambient air
Temperature (°C) Room Room 30 20-23 36-38
Agitation at | Agitation at 100 Agitation at 150
Agitation at 21 Agitation at 21 120 rpm for | rpm for 168-672 | rpm for 1 hr, then
Treatment method rpm for 18 hr rpm for 48 hr 72-600 hr hr resting for 1 hr
% Cd release (w/w) 0.58% | 6.4% | 0.56% | 5.3% <3.6% 3.2-4.1% 2.3%

*See Discussion for interpretation for CdTe-containing devices

a— U.S. EPA Method 1311 Toxicity Characteristic Leaching Procedure

b - Waste Extraction Test

Given acidic conditions ranging from pH 1.5 to 6, leaching
tests on the raw semiconductor material CdTe indicate a
range of approximately 0.56% to 6.4% (w/w) solubility of Cd
content in CdTe (Table 2). This range is nearly an order of
magnitude lower than assumed in a previous worst-case
environmental impact assessment [17], where the latter is
based on modified availability testing that is more aggressive
than standard waste characterization leaching tests and field
breakage conditions.

Note that both the material tested and some of the test
methods in Table 1 differ from those in Table 2. Table 1
provides leaching test methods and results for PV modules,
whereas Table 2 provides leaching test methods and results
for the raw semiconductor material (CdTe). Table 1 provides
leaching test methods for waste characterization for landfill
disposal. Table 2 provides leaching test methods for both
waste characterization (TCLP and WET tests) and for
evaluating solubility under a wider range of conditions
(bioelution and long-term dissolution tests). The TCLP test
is the federal U.S. waste characterization test whereas the
WET test is the waste characterization test used in the State
of California. For each of the TCLP and WET test methods
in Table 2, two solubility results are provided corresponding
to aerobic conditions (ambient air headspace) and anoxic
conditions (N2 headspace), with lower solubility observed
under anoxic conditions.

Additional data is required to use the evaluation of the raw
semiconductor material CdTe in Table 2 to try to understand
potential leaching behavior of CdTe-containing devices. For
example, CdTe PV modules contain approximately 6 g Cd
content per 12 kg device [4] or 0.05% Cd content by mass,
and the leaching potential is further limited by the monolithic
glass-adhesive laminate-glass structure of the device that
encapsulates the semiconductor material.

The potential leaching behavior of CdTe PV modules in a
standard 1 L TCLP extraction fluid can be estimated using

(4).

Ce, = Mg x SLxCOqy % Ly @
AFgy xVee

where,

Cca: TCLP Cd leachate concentration (mg/L),

Mer: mass of extraction fluid (10% mg),

SL: TCLP solid-liquid ratio (1/20),

COcq: Module Cd content (0.05%),

Lcg: leaching potential of Cd content (6.4%),

AFen: adjustment factor to account for raw semiconductor
material encapsulation in glass-adhesive laminate-glass
structure, and

Vee: volume of extraction fluid (1 L).

By taking the measured value of Ccq from TCLP testing in
Table 1 (0.22 mg/L), the adjustment factor (AFen) is
estimated as ~7. In other words, in addition to the low mass
concentration and solubility of the raw CdTe semiconductor
material, the glass-adhesive laminate-glass encapsulation is
estimated to further reduce solubility under standard TCLP
conditions by nearly an order of magnitude, with the TCLP
conditions already aggressive compared with field breakage.

In addition to the raw semiconductor material evaluation, a
hypothetical case that provides perspective on field breakage
is the intentional crushing of PV modules in a landfill. This is
a hypothetical case because tractor compaction cannot take
place in an operating PV array; however, even under six
passes over the PV modules by a heavy-duty landfill
compactor (Fig. 5), PV modules remain largely intact (Fig. 6)
with the vast majority of pieces larger than the sample size
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(0.5-1 cm) used in waste characterization leaching tests (Fig.
7) [18].

Fig. 5. Aljon model 91K compactor used to crush PV modules in
a Municipal Solid Waste Landfill in the State of Arizona, USA.

Fig. 6. Compactor foot punch-out of a PV module crushed in a
Municipal Solid Waste Landfill in the State of Arizona, USA.
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Fig. 7. Fragment size distribution of a PV module crushed in a
Municipal Solid Waste Landfill in the State of Arizona, USA.

In testing of early generation PV modules, the New Energy
and Industrial Technology Development Organization
(NEDO) in Japan commissioned the study of leaching
potential of thin film CdTe PV modules using methods more
representative of field breakage conditions [19]. Instead of
breaking modules into cm-scale pieces and tumbling in
solvent, the testing subjected intact modules with 1 to 5
cracks to a quantity of simulated acid rain (pH 5) equivalent
to 40 days of average rainfall. This approach is more
representative of field conditions as modules are more likely
to experience cracks under field conditions then to break into
pieces.

Instead of developing leaching tests that more closely
resemble  field breakage conditions, some recent
investigations have modified test parameters to be even more
aggressive than standard waste characterization tests [20-22].
The use of finely ground samples and multiple extraction
cycles in these investigations mimics the recycling process for
PV modules [23] more closely than any environmental
conditions, where the recycling process has the explicit
objective to separate and then recover and reuse metals from
end-of-life modules. As with contents testing, such worst
case leaching tests provide data on the total quantity of metals
but not their availability under realistic field conditions.

In addition, leaching tests are used to estimate potential
chemical emissions; however, emissions are not equivalent to
impacts. In order to conduct environmental impact analysis,
fate and transport analysis is further needed to evaluate the
chemical transformations and dispersion of chemicals in the
environment in moving from the point of emissions to the
point of exposure (or impact) [4]. Other factors such as
breakage rate and exposure factors (frequency, type, and
duration of exposure to impacted soil/water/air) also have to
be accounted for to estimate potential impacts to human
health and the environment.

V. CONCLUSION

Leaching tests used to evaluate the potential health and
environmental impacts of rainwater leaching of broken PV
modules need to reflect realistic PV field conditions. The
evaluation of test methods indicates that waste
characterization leaching tests can be more aggressive than
PV field breakage conditions with regards to parameters such
as sample size, solvent, and treatment method. Some recent
worst case leaching tests are even more aggressive than waste
characterization leaching tests and more closely resemble the
PV recycling process or contents testing than realistic field
conditions. An alternative test method was previously used in
Japan in which modules with a predetermined number of
cracks were subjected to simulated rainwater. This approach
is more representative of field conditions as modules are more
likely to experience cracks under field conditions then to
break into pieces.
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than values used in the previous EU mass balances (~3 g Cd ha=! yr~1). Leaching of Cd was estimated with
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Fertilizer all being small sources of Cd at a large scale. Modelling of the future long-term changes in soil Cd concentrations
Phosphate in agricultural top soils under cereal or potato culture predicts soil Cd concentrations to decrease by 15% over the
x;ﬁs balance next 100 years in an average scenario, with decreasing trends in some scenarios being more prevalent than in-

creasing trends in other scenarios. These Cd balances have reverted from the general positive balances estimated
10 or more years ago. Uncertainty analysis suggests that leaching is the most uncertain relative to other fluxes.
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1. Introduction

Cadmium (Cd) is a toxic trace metal that can be a risk for human
health and the environment due to its environmental bioavailability
and relatively large toxicity. Cadmium exposure to the general popula-
tion occurs mainly via smoking, followed by ingestion of Cd containing
food (IPCS, 1992). The risks due to Cd have been given much attention
since the discovery of the ‘itai-itai’ disease in Japan. The biological
half-life of Cd in humans is 15-20 years. This means that a rare
consumption of a high Cd containing food item has less effect than the
lifetime exposure of moderately contaminated food.

Cadmium concentrations in crops increase with increasing soil Cd
concentrations, all other factors being constant (Eriksson et al., 1996;
McLaughlin et al., 2011; Smolders et al., 2007). Therefore, managing
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http://dx.doi.org/10.1016/j.scitotenv.2014.03.109
0048-9697/© 2014 Elsevier B.V. All rights reserved.

the risk of exposure to Cd via food includes managing the soil Cd balance
and avoiding excessive accumulation of Cd in soils through additional
inputs. Analysis of archived soil samples from experimental stations in
UK, France and Denmark revealed that soil Cd increased by factors
1.3-2.6 during the 19th and 20th century (Jones et al., 1987; Juste and
Tauzin, 1986; Rothbaum et al., 1986; Tjell and Christensen, 1985).
Archived wheat grain samples similarly revealed an increasing trend
in Cd concentrations over the same period in some field trials
(Andersson and Bingefors, 1985; Jones and Johnston, 1989).

The atmospheric deposition of Cd and applications of phosphate (P)
fertilizers, lime, sewage sludge or manure contaminated with Cd are net
sources of Cd. These may exceed the leaching losses and removal of Cd
with the harvested crop (crop offtake). Several mass balances for Cd
have been used to derive trends in soil Cd in Europe. All predicted a net
accumulation of soil Cd (Hellstrand and Landner, 1998; Hutton, 1983;
Kiene, 1999; Moolenaar and Lexmond, 1998; Tjell and Christensen,
1992). The average soil Cd concentrations in European soils is about
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0.3 mg Cd kg~ !, equivalent to about 900 g Cd ha™! in the plough layer
(Smolders and Mertens, 2013). Between 1980 and 1995, the annual net
input fluxes of Cd in European soils were estimated to range between 1
to 10 g Cd ha™ !, indicating that annual fluxes are much smaller than
the total Cd stock in soils. In 2003, a proposal has been made in Europe
to set limits on Cd in P fertilizers based on the stand-still principle, i.e. a
proposal to set limits on Cd in fertilizers that would not lead to a long-
term accumulation of Cd in European agricultural soils (CSTEE, 2002;
DG Enterprise, 2003). That proposal has never been adopted into
EU-wide regulations. Since that assessment in 2003, important emission
controls have been taken to reduce atmospheric deposition of heavy
metals to soils. Pacyna et al. (2009) concluded that the anthropogenic
Cd emissions reduced considerably over the past 30 years. Next to a
true reduction in Cd emission (and thus also Cd deposition), the current
measurements of Cd concentration in precipitation with ICP-MS (induc-
tively coupled plasma mass spectrometry) allows determination of
lower Cd concentrations compared to previous methods (graphite
furnace atomic absorption spectrometry or GF-AAS). Hence, the actual
Cd deposition rates can now be estimated with greater accuracy com-
pared to 1990s-2000s. In addition, trend analyses show a decreasing
trend in P fertilizer consumption in Europe.

Leaching of Cd from soil is likely the most difficult flux to estimate in
the mass balance since in situ annual flux data are not available at a
large scale. Soil solution Cd concentrations can be estimated from
solid-soil solution partitioning, expressed with a partitioning or distri-
bution coefficient (Kp) of Cd in soils. This Kp value is most often related
to basic soil properties (e.g. soil pH, organic carbon content, and total
soil Cd concentration) (Groenenberg et al., 2010). By compiling differ-
ent data sets with reliable Kp measurements, robust relationships can
be deducted, which in turn allows a more reliable estimation of the Cd
losses through leaching.

This study was set up to update the inventory of Cd inputs to agricul-
tural soils in EU 27 + Norway (EU27 + 1) with recent data on atmo-
spheric deposition, P fertilizers, sludge, lime and manure applications
for soils used for arable production. The dietary intake of Cd mainly oc-
curs via cereals and potatoes (Smolders and Mertens, 2013). Therefore,
soils under cereal and potato production are used as cropping systems.
The Cd output through leaching is estimated using an updated Kp model
derived from coupled data on soil solution Cd concentrations and total
soil Cd concentrations available from different studies. Model analysis
is used to predict long-term (100 years) changes in Cd concentrations
in top soils. In this study, the relative importance of the Cd inputs and
outputs is estimated at European scale and compared with previous
estimations. Expected long-term changes in soil Cd are estimated for
the European average as well as for different regional scenarios repre-
sentative for Europe. Finally, a sensitivity analysis is included.

2. The Cd mass balance: model description

The long-term changes in soil Cd concentrations were calculated
from the annual input-output and the existing Cd concentration in
European soils. The Cd concentration of the top soil at year i ([Cd]si, i,
in mg Cd kg~ ! soil) is calculated from the net Cd balance (i.e. input-
output, in g Cd ha=! yr~1) in year (i — 1) and the total soil concentra-
tion in year (i — 1) ([Cd]soit, i — 1, in mg Cd kg™ soil):

(O = Oy + P P M
soil
with Wy as the soil weight in the plough layer (tonnes ha™!). Using a
bulk density of 1200 kg m~2 and a soil depth of 25 cm, this corresponds
to Wyoi = 3000 tonnes soil ha™!. It was further assumed that the soil is
homogeneously mixed without vertical variation of the soil properties
in the top soil and that water transport is only in the vertical direction
by prop flow. Preferential or bypass flow of water and thus Cd is not
considered in this model. The impact of surface runoff and erosion

was not considered as a loss of Cd, as erosion is merely a redistribution
of Cd within the landscape.

This mass balance is made for the entire EU-27 + 1. For obtaining
the EU average change, the EU average for the different parameters
was used. Next to this, a full factorial analysis was performed, in
which different model parameters (soil pH, % organic carbon, atmo-
spheric deposition, P application, crop properties, leaching rate) are
combined with each other. Although some combinations or scenarios
are not equally important as others, this full factorial analysis allows
quantifying the uncertainty on our estimated average. Furthermore,
we have selected some regional (country) scenarios: Germany for Cen-
tral Europe, United Kingdom for Western Europe, Spain for the Mediter-
ranean region and Czech Republic for Eastern Europe.

The use of average balances, rather than local balances is preferred
as the average situation controls the exposure of Cd to the general pop-
ulation. Cumulative lifetime consumption of staple crops, cereal and po-
tato products is only exceptionally derived from a single location. The
chronic (lifetime) Cd intake determines the risk of Cd for humans rather
than the single high intake events (Jarup et al., 1998; Smolders and
Mertens, 2013). This justifies the use of generic mass balances instead
of site-specific approach. Logically, a local mass balance is defensible
when evaluating the likelihood that locally grown crops will exceed a
food limit. Since a risk assessment is outside the scope here, we compare
the current gross balances with similar balances made before for EU. In
following sections the underlying assumptions of the model are ex-
plained in more detail.

2.1. Soil Cd concentrations of arable land in Europe

The soil Cd concentration at time t = 0 has a major impact on the
predicted future Cd concentrations. Total soil Cd concentrations typical-
ly range between 0.1 and 1 mg Cd kg~ (Smolders and Mertens, 2013).
A large scale sampling programme by FOREGS in 2006, in which total
metal concentrations are measured after a hot acid digestion, shows
that the average Cd concentration in Europe is 0.28 mg Cd kg~ ! with
a standard deviation of about 0.24 mg Cd kg™ !. This is in close corre-
spondence with country averages presented in the European risk
assessment report (EU, 2007). For modelling the future soil Cd concen-
trations this average value, 0.28 mg Cd (kg soil) !, is used. For the coun-
try assessment, country specific data was used when available.

2.2. Atmospheric deposition

Cadmium is emitted to the atmosphere from anthropogenic and
natural sources. The anthropogenic sources of Cd include industrial
and small combustion, flue gas of industrial processes, waste incinera-
tion and others (EMEP, 2012). Emission trend analysis by Pacyna et al.
(2007) shows that the highest emissions of Cd in Europe were around
the mid-1960s when the production of non-ferrous metals (Zn
smelters) was growing rapidly. Current Cd emissions are lower by a fac-
tor 5 since mid-1960s or by a factor 3 since 1985. From the mid-1970s
on, the flue gasses were more filtered which resulted in a decline in
Cd emissions.

Trace metals are included in EMEP's atmospheric monitoring
programme since 1999, but earlier data have also been collected for a
few sites. In 2010, a total of 33 sites are measuring trace metals in
both air and precipitation in EU27 4+ 1 (EMEP, 2012). On these monitor-
ing sites, two sampling methods are used, i.e. bulk collectors and
wet-only collectors, although the wet-only collectors are being recom-
mended in the EMEP manual. With wet-only collectors, the sampler is
only opened during rain events. The main advantage of the wet-only
collectors over the bulk collectors (always open) is that re-suspended
Cd, which was first deposited elsewhere, is not accounted for in the
measurements. After sampling, the concentrations are measured pref-
erentially by the ICP-MS method which allows determination of Cd con-
centrations down to 0.01 pg Cd L™, Nevertheless, some countries still
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Table 1
Atmospheric Cd deposition rates (g Cd ha=! year~!) in selected European countries
(EU27 + 1) in 2010.

Country Bulk sampler ~ Wet only collector
Belgium 0.2
Czech Republic 04 04
Denmark 0.2-0.8

Estonia 0.5-1.2

Finland 0.2-0.5

France 03 0.1-0.2
Germany 0.2-0.3
Hungary 04
Latvia 0.4-0.6
Lithuania 04

Netherlands 0.1-0.2
Poland 03-04
Slovakia 0.5-1.0
Slovenia 03

Spain 03
Sweden 0.1-0.6
United Kingdom 0.1

Norway 0.2-0.7

EU-27 + 1 (mean and standard deviation)® 0.35(0.21)

Data is based on Cd measurements of the EMEP/CEIP monitoring sites.
@ The range was averaged to obtain a country mean and means of all country means
were then calculated.

use ICP-OES or even GF-AAS, which may yield at least tenfold larger de-
tection limits. For each monitoring station, information is available for
each rain event or for a fixed period. Based on the precipitation (mm)
recorded and the Cd concentration in the rainwater (ug Cd L™ ') mea-
sured per rain event, the Cd deposition (mg Cd m~2) can be calculated.
By summing all rain events and converting to g Cd ha™!, we obtained an
estimate for total Cd deposition per monitoring station. The Cd deposi-
tion ranges between 0.1 and 1.0 g Cd ha~! (Table 1), with an average
0f 0.35 g Cd ha~ ! yr~! and standard deviation of 0.21 g Cd ha—'yr— .
Next to the average deposition rate, the scenario of zero atmospheric
deposition and a realistic worst case of 0.7 g Cd ha=! yr~! were also
used in the full factorial analysis.

For comparison, total annual Cd emissions reported by EMEP and in
the ESPREME project (espreme.ier.uni-stuttgart.de; EU 6th framework
programme) divided by the total surface of Europe yield an average at-
mospheric deposition ranging between 0.2 and 0.6 g Cd ha=' yr !,
which is in close correspondence with measured Cd deposition.

The measured Cd deposition has decreased by a factor 5 or more in
several monitoring stations, such as in Germany (EMEP/CEIP, 2012a).
The Cd concentrations in mosses in Europe, indicating Cd deposition,
decreased with a factor 1.3 to 4 depending on the country between
1990 and 2005 (Harmens et al., 2012). The previous Cd mass balances
made for European soils (CSTEE, 2002; EU, 2007; Hutton and Symon,
1986; Jensen and Bro-Rasmussen, 1992; Nicholson et al., 2003) have as-
sumed average Cd deposition fluxes that were up to 8 times larger than
current means. The decreasing trends in measured Cd deposition
(EMEP/CEIP, 2012b) are relatively more pronounced than the recent
trends in estimated emissions (Pacyna et al., 2007; Pacyna et al.,
2009). This is likely due to the lower detection limits with current ana-
lytical instruments (ICP-MS vs. GF-AAS) and due to the conversion of
bulk samplers to wet only collectors.

2.3. Inputs from P fertilizers

Phosphate fertilizers, among all mineral fertilizers, are generally the
major source of Cd in agricultural soils (Smolders and Mertens, 2013).
The Cd input via fertilizers depends on the consumption of P fertilizers
on one hand, and on the Cd:P,0s ratio in the fertilizer. Detailed statistics
on P fertilizer use (kg P,Os ha™!) in each EU 27 + 1 member state were
provided by Fertilizers Europe (2011). The actual consumption is calcu-
lated by country experts, based on sales of fertilizers, the cropping area
and the nutrient application rates for each crop. The current European

average consumption of P,O5 on arable land is 22 kg P,Os ha™!, with
an average P application of 21 kg P,Os ha~! for cereals and 45 kg
P,05 ha™! for potato (Fertilizers Europe, 2011). The Cd concentration
of P fertilizers (pure or blended) used in Europe were extensively inves-
tigated by Nziguheba and Smolders (2008). This study compiled the Cd
concentrations of 196 samples of P fertilizer collected in Europe
(EU-15). The Cd concentrations ranged from <0.1 to 120 mg Cd
(kg P,05)~ !, with a mean of 36 mg Cd (kg P,0s) . Using this mean
Cd concentration for P fertilizers, the annual input of Cd to arable soils
is estimated to be about 0.8 g Cd ha=! yr~! for the European average
consumption, also 0.8 g Cd ha™' yr™! for cereal-based production,
1.6 g ha= ' yr~! for potato production and for potato (1 year)-cereal
(2 years) rotations a Cd input of 1.1 g Cd ha=! yr~ ! is calculated. Coun-
try averages of Cd inputs to cereals through P fertilizers for different
European scenarios are shown in Table 6.

Since 1980, the consumption of P fertilizers in Europe (EU27 + 1)
has decreased by a factor four (Fig. 1). The actual Cd input via fertilizers
has decreased mostly due to the reduction in P fertilizers use. For exam-
ple, at the average use for arable land of 36 kg P,Os ha™ ! in 2001, the Cd
input was 1.3 g Cd ha=! yr~ . Previous Cd mass balances estimated Cd
addition rates via fertilizers between 0.5 and 4.4 g Cd ha™' yr™!
(Alloway and Steinnes, 1999; CSTEE, 2002; Hutton, 1983; Moolenaar
and Lexmond, 1998; Nicholson et al., 2003). These larger estimates
most likely reflect the larger use of P fertilizers in Europe 10 to
30 years ago (Table 7).

24. Inputs from manure, sludge and lime

Inputs from manure, sludge and lime are in general difficult to esti-
mate since national statistics are limited in Europe.

The Cd application through manure ranges between 1.4 and
6.1 g Cd ha~! yr~', when applied at an equivalent N rate of
250 kg N ha=! yr~! (Nicholson et al., 2003). Such high estimate is
unlikely representing the average EU scenario, since manure is only lo-
cally the single N source to plants. More importantly, this major local
source of Cd is not an important net source of Cd at large scale. A major-
ity of Cd in manure is derived from animal feed that is produced in the
same region. Hence, manure application recycles Cd that was previously
taken by crops (see crop offtake). Logically, at field scale, net accumula-
tions of Cd are possible where manure is applied, whilst net depletion is
possible where the feed is produced. For these reasons, average Cd mass
balances only consider the net input of Cd through manures as the Cd
that comes from imported animal feed (Moolenaar and Lexmond,
1998).
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Fig. 1. Evolution of mineral P fertilizer consumption (10® tonnes P,0s) in the EU-27 mem-
ber states + Norway from 1980 to 2010.
Source: IFA DATA (2012).
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We assume that cereals are the main constituent for animal feed and
we used typical grain Cd concentrations for calculations (Eriksson et al.,
1996). We further assume that the resulting manure is evenly spread
over the arable land in Europe (i.e. approximately 103 x 10° ha). In the-
ory, Cd export via agricultural products (meat, milk, etc.) should also be
subtracted, but that refinement was not done since the Cd input via ma-
nure is already a marginal one. Cereal grains contain on average 0.02
to 0.05 mg Cd (kg grain)™' (Smolders et al., 2007). In 2010, about
30 x 10° tonnes animal feed were imported into Europe. Based on
these animal feed imports to EU-27, an annual Cd input of about 0.006-
0.014 g Cd ha~ ! yr~! was estimated, yielding 0.01 g Cd ha~' yr—! for
the European average in this assessment.

Hellstrand and Landner (1998) estimated that a total of 155 kg Cd is
imported into Sweden through animal feeds. This corresponds to a Cd
flux of 0.05 g Cd ha=—! yr~! at the national level. The same Cd flux via
manure was estimated by Moolenaar and Lexmond (1998) for Dutch
mixed farming systems. In a recent mass balance study conducted for
Sweden by Sternbeck et al. (2011), it was concluded that manure is of
little importance for the accumulation of Cd in soil and was therefore
not considered in their assessment.

For estimating Cd input through sludge application, Nicholson et al.
(2003) based their calculations on N-requirements. If 250 kg N ha— ! is
applied as sludge, this would lead to a Cd input of 19 g Cd ha= ' yr~!
with sludge containing 3.4 mg Cd (kg dry basis) ™ .. Currently, the esti-
mated EU average Cd content of sewage sludge is 1.8 mg Cd (kg dry
basis) ™!, which leads to a twofold reduction compared to Nicholson
et al. (2003). As with manure, such values unlikely represent the aver-
age situation, since such large amounts are only applied locally.
Additionally, the application of sewage sludge to agricultural land is
regulated differently among European Member States.

For above reasons, total Cd inputs to arable land via sludge applica-
tion were calculated from the amounts of sludge used for agriculture
(i.e. about 40% of total sludge production (Milieu et al., 2008)) and the
average Cd concentration of the sludge produced in Europe (Table 2).
Again it was assumed that all sludge is evenly spread over the arable
land in EU 27 + 1 (i.e. 103 x 10° ha). Obviously, this results in an under-
estimation of local application rates, which can lead to locally high con-
centrations of Cd. The sludge application rates for some EU 27 + 1
countries and the Cd concentration of sludge used for fertilizer purposes
are represented in Table 2.

On average, again assuming all sludge is evenly spread over arable
land, the Cd inputs through sludge application are 0.05 g Cd ha= ' yr— 1.
According to the country risk assessment studies submitted to the
European Commission in 2000, country average fluxes were approxi-
mately 0.05 g Cd ha~' yr™! for Austria, Denmark, Belgium and Finland
and were larger for The Netherlands and Germany: 0.2 g Cd ha~ ! yr— 1.

In conclusion, sludge and manure application can be significant
sources of Cd at a field level, but are no significant sources compared
to fertilizer and atmospheric deposition inputs at the country or region-
al level (Table 6) with which the average trend of soil Cd should be cal-
culated (de Meefs et al., 2002). However, high application of sludge
and/or manure could be a considerable input at parcel level and cause
an increase in soil Cd concentrations. Local mass balances are therefore
defensible when evaluating the likelihood that locally grown crops will
exceed a food limit.

Only limited national data on application rates of lime and their Cd
concentrations were found. We estimated the Cd input from liming
using a Swedish risk assessment report (Sternbeck et al., 2011). Lime ap-
plication rates of 100-150 kg CaO ha~' yr~' are recommended in Scan-
dinavian countries to maintain pH at a good level. For their study, they
used a long-term liming rate of 100 kg CaO ha~" yr~'. The average Cd
concentration in lime currently available on Swedish markets is circa
04 mg Cd (kg CaO)~!. This results in annual applications of
0.04 gCdha~'yr~ . In France, on total 2.16 x 10° kg of lime was applied
to agricultural land (18.4 x 10° ha) in 2007 (Société chimique
de France, 2007). This corresponds to an annual application of
120 kg CaO ha~! yr™'. If the Cd concentration is 0.35 (average of
Sweden and UK), this is an input of 0.04 g Cd ha=! yr~ . For Germany,
about 2 x 10° tonne CaO is spread over a total agricultural area of
17 x 10° ha, which is an application rate of 180 kg CaO ha=! yr—'.
Given the large uncertainty on actual application rates, we assumed an
average application rate of 250 kg CaO ha~ ! yr™! and a Cd concentration
of 0.35 mg Cd (kg Ca0)~! for our calculations. This results in an estimated
Cd input of 0.09 g Cd ha=! yr~!. In strong contrast with our results,
Nicholson et al. (2003) estimated that Cd inputs are 1.4 g Cd ha= ! yr—,
assuming application rates of 4.8 tonnes of CaO ha~! yr—!. It is unlikely
that such lime rate reflects the average sustained application rate in EU.

In total we estimate that 0.15 g Cd ha= ! yr~ ! is added to agricultural
soils in Europe via manure, sludge and lime applications.

2.5. Output via crop offtake

The Cd removed from soil through the harvested crop, by definition
crop offtake, is the product of the yield of the harvested crop and its Cd
concentration [Cd]crop. The Cd taken up by plants depends on the soil
properties and/or plant species. The soil properties typically influencing
Cd uptake are the total Cd concentrations, soil pH and the soil organic
matter (SOM) content. Increasing the soil Cd concentration increases
the crop Cd all other factors being constant; however, the increase is
somewhat less than proportional. Overall, regression models can be
used to predict the relationship between soil properties and crop Cd
concentration (McLaughlin et al.,, 2011). As shown below, crop offtake

Table 2
Cadmium inputs through sludge application in EU-27 + 1.
Country Sludge application Cd content Cd application
(kg ha™1) (mg Cd kg~ 1) (gCdhatyr 1)
Belgium 22.6 1.0-15 0.02-0.03
Bulgaria 35 1.6 0.01
Czech Republic 409 1.5 0.06
Denmark 17.8 1.0 0.02
Estonia 3.1 2.8 0.01
France 27.8 13 0.04
Germany 49.6 1.0 0.05
Lithuania 113 13 0.01
Spain 82.1 2.1 0.17
Sweden 214 09 0.02
United Kingdom 2034 13 0.26
Nicholson et al. (2003) 40.0 34 0.14
Norway 73.8 04 0.03
EU27 + 1 average (without Spain and UK) 26.0 1.8 0.05 (0.03)

Total quantity of sludge spread on agricultural land (EUROSTAT, 2012) was used to calculate the sludge application rate (kg sludge ha~!), assuming sludge is spread over the entire arable
land. The Cd concentrations measured in the sludge (EC, 2001) were used to estimate the annual Cd application rates (g Cd ha~! yr—!) on arable land.
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is small relative to the other Cd fluxes, hence a high precision in
predicting Cd uptake is not required. To simplify the analysis, it is justi-
fied to assume that the Cd concentration in the crop changes propor-
tionally with the soil Cd concentration (McLaughlin et al., 2011). This
relationship is typically described by a transfer function (TF), i.e. the
ratio of the Cd concentration in the crop and the soil Cd concentration,
here both expressed a dry weight basis (mg (kg DM or dry soil) ™ !):

[Cd]cro
= [Cd]soill3 . (2)

The Cd concentration in the crops can thus be derived from the soil
Cd concentration. Several studies (Eriksson et al., 1996; Mench et al.,
1997; Smolders et al., 2007; Wiersma et al., 1986) provide paired soil
and crop data which allows the calculation of the TF. According to differ-
ent studies, the TF for cereal grain ranges between 0.11 and 0.20 and is
on average 0.14, whilst for potato an average TF of 0.06 was found
(Table 3). The above-mentioned studies allow refining the assessment
by including effects on soil properties, e.g. soil pH or total soil Cd, on
the TF. As will be shown below, this hardly affects the soil balance.
Existing regression models show that the [Cd]crop/[Cd]soi ratio of winter
wheat decreases less than 20% by increasing soil Cd from 0.2 to
0.6 mg Cd kg~ ! (Eriksson et al., 1996). This justifies the use of the linear
TF concept within the relevant Cd concentration range.

The European average yield for cereals is 5.1 tonnes grain per ha
and 25.9 tonnes potato tubers per ha (Fertilizers Europe, 2011). At the
average soil Cd concentration of 0.28 mg Cd kg™, this results in a
crop offtake of 0.2 g Cd ha=! yr~! for cereals, 0.44 g Cd ha= ' yr~! for
potatoes and 0.38 g Cd ha~—! yr~! for the rotation cereals (2 years)
and potatoes (1 year).

2.6. Output via leaching

Leaching (g ha=! yr—!) represents an outflow of Cd from the top
soil. There are different models predicting the vertical leaching of Cd,
taking into account the retardation, flow rate, vertical dispersion,
vertical heterogeneity in Cd binding properties and climatic data
(e.g. Streck and Richter, 1997). Such information is not available at a
large scale and mass balance approaches typically simplify the calcula-
tion by estimating it from the precipitation excess (F; m yr~!) and
the dissolved Cd concentration in the soil solution or pore water
(ICd]sotution; mg Cd L™ ") (Eq. (3)):

Leaching = 10 000 F [Cd] 0 3)

The average precipitation excess in Europe is estimated to be
0.2 m yr— . For the Mediterranean region this can be reduced to

Table 3
The Cd soil-plant transfer factors (TFs) for cereals (wheat) grown in selected agricultural
soils.

Crop Country [Cd]erop [Cd]soil TF
pg Cd g Cd kg ™!
(kg fresh weight) !
Wheat grain UK 38 (dry weight basis) 700 0.055
France 58 435 0.11
The Netherlands 60 400 0.15
Sweden 40-69 270-420 0.14-0.20
Germany 56 440 0.13
Average 57 0.14
Potato Sweden 10 270 0.04
The Netherlands 30 400 0.08
Germany 30 440 0.07
Average 23 0.06

The TFs are calculated as the ratio of [Cd]crop and [Cd]soii (Eq. (1)). For more information on
original references, we refer to the EU (2007).

0.05 myr~ ' and for regions with high rainfall a precipitation excess of
0.3 myr— ! was used.

The pore water Cd concentrations change almost proportionally
with total soil Cd (keeping all other parameters constant). The Kp
value (L kg™ 1) represents partitioning of Cd between the solid phase
[Cd]soil and solution phase or pore water (water held in pore space
between soil particles), [Cd]sowution:

[Cd]soil

Kp = —>—.
b [Cd] solution

(4)

The Cd concentrations in European agricultural soils are typically
<1 mg Cd kg™ !, concentrations at which sorption is linear (Christensen,
1984).

Different empirical regression models for predicting Kp values in
soils from soil properties are in use (Degryse et al., 2009). In these
models, log Kp values measured on a set of soils are related to a range
of soil properties, for example:

log Ky =a+Db pHe,ep + ¢ log(OC) (5)

in which OC is the percentage of organic carbon in a soil and pHccp is
the soil pH measured in 0.01 M CaCl,. Soil pH determines the Kp most
sensitively (Degryse et al., 2009).

Paired measurements of Cd in soil solution and Cd in soil were
recently collected from previous studies conducted on European soils
(Degryse et al., 2009) and these were complemented with some addi-
tional studies (Table 4). When pHyo was available a conversion was
made to reflect pHcaci. We set selection criteria on these data. First,
total soil Cd concentrations were required rather than a fraction of
that (e.g. labile soil Cd concentrations) since the soil mass balance
described below predicts the changes in total soil Cd only. Second, the
determination of the Cd concentration in the solution phase is critical.
In situ soil solution or pore water measurements should be used for
predicting in situ migration of Cd through soils (Degryse et al., 2009).
With in situ measurements the ionic strength and soil pH are not altered
and the dissolved organic matter (DOM), known to influence Cd avail-
ability, is not diluted. As such, the true in situ Cd concentration can be
predicted. The isolation of pore water is usually obtained by centrifuga-
tion or by using Rhizon samplers. In total, four studies were found to
comply with our criteria, resulting in a total of 151 observations. An
overview of Kp models is presented in Table 4.

To select the best Kp model, we have evaluated proposed Ky models
against the total data set (n = 151). For this, we analysed the logarith-
mic relationship between the predicted pore water concentrations
(=[Cd]soi1 / Kp) by each Kp model and the measured pore water concen-
trations ([Cd]solution)- The strongest relationship was found in model 5
(R*> = 0.81), followed by model 2 (R?> = 0.80) and model 4 (R*> =
0.80). Model 5, a model developed using all available observations,
was selected for further calculations. Fig. 2 shows the good fit between
measured and predicted soil Cd using model 5 when restricting the
analysis to soils with total Cd <1 mg Cd kg~ !, i.e. the soil most represen-
tative for agricultural soils. This graph also demonstrates that the used

Table 4

Selected regression models for Kp, derived from pore water-based Kp measurements. The
number of observations used to derive the empirical model (n) and the R? value for the lin-
ear relationship log (Kp measured) and log (Kp predicted by the model).

Model LogKp=a+ b n R? Based on data from
pH + clog (% 0C)
a b c
1 —1.14 056 088 56 0.67 Degryse et al.(2003)
2 —055 043 070 47 0.75 de Groot et al. (1998)
3 —235 078 043 31 081 McGrath (personal communication)
4 —0.74 044 090 17 0.79 Nolan et al. (2005)
5 —094 051 079 151 0.71 All data compiled
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Fig. 2. Predicted (using model 5) and observed soil solution Cd concentration for all soils
(pH 3.0-8.6) with total Cd < 1 mg Cd kg~ .

Data from Degryse et al. (2003), de Groot et al. (1998), McGrath (personal communication)
and Nolan et al. (2005).

Kp model does not overestimate the dissolved Cd concentration and
thus not overestimate leaching.

In 2012, soil pH (0.01 M CaCl,) and organic C content (% OC) were
measured over 2000 soil samples from arable land (NGU, 2012). The av-
erage soil pHcacz of arable soils in Europe is 5.8 (with standard devia-
tion 1.1) and arable soils contain on average 2.5% OC (standard
deviation is 1.93% OC). The average leaching is 2.56 g Cd ha~ ' yr™!
when the drainage rate is 0.2 m yr— . As will be discussed in detail
below, this estimate is extremely sensitive to soil pH and to a lesser
extent to OC content, which results in a statistical uncertainty of the
predicted Kp value. Several studies use a constant leaching flux,
e.g. Sternbeck et al. (2011) and Jeng and Singh (1995), fixed at
0.4 g Cd ha= ' yr~! for Swedish soils. Moolenaar and Lexmond (1998)
derived adsorption models for Cd in the lab, but emphasized that the
laboratory situation does not exactly reflect the field situation. They

used a leaching loss flux of 1.6 g Cd ha= ! yr— .

3. Model application

The mass balance model (Eq. (1)) was used to predict future Cd con-
centrations in soils used for arable production (cereals and potatoes).
The mass balance used is dynamic, i.e. the output by leaching or crop
offtake changes with changing total soil Cd concentrations (de Meedis
etal., 2002). Inputs of Cd are assumed constant over the next 100 years.

The long-term change in soil Cd was calculated from the initial
soil Cd concentration ([Cd]so, o) and the soil Cd concentration after
100-year application of fertilizers ([Cd]soil, 100) as:

[Cd]soil,O - [Cd] 50il,100

%change =
! & [Cd]soil,o

x 100. (6)

This mass balance is made for the conditions representative for the
average in EU27 + 1. Next to the estimation of the EU average, a full
factorial analysis was used. The model parameters used to obtain the
different scenarios under cereal and potato cropping systems are
shown in Table 5. Modelling of the future long-term changes in soil Cd
concentrations in agricultural top soils predicts soil Cd concentrations
to decrease by 15% over the next 100 years in an average scenario, the
P10 and P90 range of scenarios are a 64% decrease and a 12% increase

Table 5
Model parameters used for the full factorial analysis to predict the long-term changes of
soil Cd in 540 scenarios.

Model parameters

0;0.35,07gCdha~'yr!
Cereal (monocrop): P-rate = 21 kg P,0s ha™';
Yield = 5.1 tonne ha™!; TF = 0.14
Cereal — potato rotation: P-rate = 29 kg P,0s ha™';
Yield = 12.1 tonne ha='; TF = 0.11
Potato (monocrop): P-rate = 45 kg P,0s ha™';
Yield = 25.9 tonne ha~'; TF = 0.06
% 0C 2;2.5;3;4%0C
Soil pH 45;5.5;5.8;65;7.5
Cd content of P 36 mg Cd (kg P,05) !

fertilizer used
Precipitation excess

Atmospheric deposition
P application rate,
yield and TF

0.1;02;03 myr '

(Fig. 3). The scenario's are highly affected by soil pH and, at the average
EU soil pH (in CaCl,), most scenarios (up to P75 of scenarios) are
negative.

Next to the European average, the future soil Cd concentration was
also predicted for a selection of Member States under cereal cropping
systems (Table 6).

In the five regional scenarios, four scenarios have predicted
decreases in soil Cd, whereas the scenario for Spain predicts an increase
in soil Cd (4 15%) (Table 6). This increase is a direct consequence of
(i) slow leaching (low precipitation excess), (ii) high soil pH and
(iii) relatively high P application rates, when compared to average cere-
al yields. The 5 regional scenarios reflect regional variability in the Cd
mass balance but not parameter uncertainty. Sensitivity analyses are
presented to illustrate the most important uncertainties.

3.1. Sensitivity analysis

It is well established that crop offtake strongly depends on the crop
type and the soil Cd concentration. Decreasing soil pH enhances crop
uptake of Cd. Field data on Cd uptake by numerous plants show that
the net effect of increasing soil pH on increasing bioavailability is, on av-
erage, only a factor 1.2 per unit pH decrease for maize and potato
(McLaughlin et al., 2011; Smolders et al., 2007). This change in TF has
only a marginal effect on the Cd balance since crop offtake is small frac-
tion in the Cd mass balance. For example, at the European average, crop
offtake is 10-fold smaller than the leaching losses (Table 6).
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Fig. 3. The predicted % change (min-max and interquartiles; outliers indicated) in soil Cd
after 100 years in arable soils for 540 different potential scenarios (Table 5) The median %
change is —6%(i.e. decrease), the mean is —15%.
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Table 6

Long-term change in soil Cd concentrations after 100-year application of P fertilizers for a set of European countries, with cereals used as reference crop.

Country Soil properties Leaching Atm. Dep.© P fertilizers Crop  Manure®  Sludge” Lime' Change in soil Cd  [Cd]soil, 100
a1df
pH* OC* [Cdlsoi, o° excess Application  Cd content® yield
rate?
% mgCdkg™? myr' gCdha~! kgP,0ha ' mgCd (kgP,0s)~' tha ! gCdha~! gCdha~! gCdha™! % mg Cd kg~!
SE/ 58 41 025 0.20 0.35 11 45 47 0.01 0.02 0.04 —15 022
DE 6.1 17 034 0.20 0.25 19 389 6.4 0.01 0.05 0.07 —18 0.28
ES 64 1.7 026 0.05 0.30 28 40.6 35 0.01 0.17 0.09 +15 030
UK 66 28 030 0.20 0.35 30 222 7.0 0.01 0.14 0.14 0 0.30
(4 59 19 024 0.20 0.40 14 na. 5.6 0.01 0.06 0.09 —12 021
EUaverage 58 25 0.28 0.20 0.35 21 36.0 5.1 0.01 0.05 0.09 —15 0.24

The parameters used for mass balance calculations for each country are given.
na. Not available.

@ Soil pH (CaCl,) and OC from agricultural soils were obtained from the GEMAS study (NGU, 2012) unless indicated otherwise.

P fertilizer application rates for 2010 are available from Fertilizers Europe (2011).

Crop offtake was based on cereal production only, a constant TF was assumed at 0.14.

Initial soil Cd concentration was available from FOREGS and the European risk assessment report (EU, 2007).
Atmospheric deposition (Atm. Dep.) calculated from measurements at EMEP monitoring sites (2012).

Cd concentration of P fertilizers were obtained from Nziguheba and Smolders (2008), when unavailable the European average as assumed (36 mg Cd (kg P,05) ™).

& Application rates of manure are assumed constant for all countries (i.e. 0.01 g Cd ha~! yr— 1), unless total application rates at country-level are available.

" Sludge application rates were calculated as in Table 2.

! Unless country averages are available, lime application is estimated to result in 0.09 g Cd ha=" yr—".

1

I Data on soil properties of agricultural soils in Sweden was obtained from Sternbeck et al. (2011).
X Data on soil properties of agricultural soils in UK was obtained from Webb et al. (2001), with conversion of pH (H,0) to pH (CaCl,).

The predicted leaching highly depends on the reliability of the pore
water data. A sensitivity analysis was performed to quantify the effect of
the statistical uncertainty of the Kp values on the predicted soil Cd mass
balance. From the standard error on the model parameters (fitted by the
Equation of model 5 in Table 4), we could estimate the standard devia-
tion on the Kp values from our model for different pH and OC combi-
nations. Fig. 4 shows the variation in percentage change in soil Cd if
other parameters are kept constant. Although the error (uncertainty)
of Kp is relatively small at low pH compared to high pH, these variations
in Kp at low pH will have a much more pronounced effect on the Cd
mass balance.
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Fig. 4. Uncertainty analysis of the Cd mass balance: effect of uncertainty in Kp values on
the % change in soil Cd over 100 years. The error bars represent the 10th and 90th percen-
tile of the predictions based on Kp parameter uncertainty. That uncertainty is based on
standard error of parameters of the Kp model (Table 4). Percentage change in soil Cd
over 100 years compared to the background Cd concentration (0.3 mg Cd kg~ !). For
each combination of pH and organic carbon (OC) 1000 simulations were run to cover a
full range of Kp values around the mean Kp value. We assumed an atmospheric deposition
0f0.35gCd ha—' yr~!, a P fertilizer rate of 22 kg P,0s ha— ' with 40 mg Cd (kg P,05) ', a
crop offtake in a cereal monocropping system of 0.21 g Cd ha~! yr~! and a precipitation
excess of 0.2 m. The dot represents the predicted flux with mean Kp value.

Leaching is the most important process determining the current
mass balance. The predicted annual Cd loss from the plough layer is gen-
erally higher than those estimated in most other soil Cd balances (typi-
cally <2 g Cd ha= ! yr~') (Hellstrand and Landner, 1998; Jensen and
Bro-Rasmussen, 1992; Moolenaar and Lexmond, 1998; Tjell and
Christensen, 1992). In a recent soil Cd mass balance for Australian agri-
cultural soils, predicted leaching of Cd varied from <0.1 gCd ha™ ! yr™!
in dryland cereal systems to>10 g Cd ha=! yr~! for sugarcane produc-
tion and annual horticulture, leading to a predicted decline in soil Cd in
the future for the latter two scenarios (de Vries and McLaughlin, 2013).
That approach used pore water data and excess drainage in the
modelled leaching similarly to the approach here. Nicholson et al.
(1996) estimated the long-term Cd leaching from the unlimed long-
term park grass soils of Rothamsted (UK) using a Cd mass balance.
The increase of Cd in the 0-22.5 cm horizon during 1913-1983 was
compared with the Cd input by atmospheric deposition (estimated)
and by phosphate fertilizers (based on analysis). After accounting for a
small (measured) Cd loss by crop offtake, the leaching losses were
predicted to range between 0.7 and 3.1 g Cd ha~ ' yr™! for untreated
plots and 2.4 to 4.9 ¢ Cd ha~ ' yr~! for plots whereto P was applied.
The authors estimated a range for the atmospheric Cd input from the
average and maximum net annual increase in top soil Cd in 4 different
untreated plots of the Rothamsted long-term trials (Jones et al., 1987).
Obviously, even the maximum net Cd accumulation in these plots
(ie. 54 g Cd ha~!yr~ ') is likely lower than the atmospheric Cd input
because of Cd losses from these plots. Therefore, the highest estimated
Cd leaching from the park grass plots (i.e. 3.1 and 49 g Cd ha='yr— 1)
may still be conservatively low values. Using our model, we calculated
the average annual Cd losses from the P treated plots from the soil prop-
erties (soil pH values given in (Nicholson et al., 1994), 0.2 m annual
water flux out of the top soil). Our model predicts 4.2 g Cd ha™ ' yr™!
for the P-treated plots. This is within the range of the mass balance
estimates of Nicholson et al. (1996).

It is acknowledged that such mass balances do not sensitively prove
the Cd leaching. Conceptually, our leaching model assumes that pore
water (resident) Cd concentrations denote flux concentrations. Slow
desorption of Cd from solid to solution during high flow events may
yield lower fluxes of Cd, i.e. flux concentrations may be lower than
resident concentrations. However, preferential flow of Cd and colloidal
transport may enhance mobility (and result larger losses than
predicted) compared to the values predicted from static pore water
concentrations. As far as we are aware, only one study has measured
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Cd fluxes using wick samplers (flux concentrations) and compared the
concentrations with pore water sampled from soil collected near the
wick samplers (Degryse and Smolders, 2006). There were three soil
profiles at which that was compared and the ratios of Cd concentrations
in pore water over those in corresponding leachates (18 months) were
1.4, 0.9 and 1.7, i.e. close to 1.0 corroborating our assumption within
that uncertainty. The control site with the lowest soil Cd yielded the
largest ratio (1.7). This suggests that our prediction of Cd leaching
based on pore water data at low soil Cd may indeed somewhat overes-
timate Cd leaching.

In another Cd leaching study using 6 different undisturbed pasture
soils from New Zealand, it was concluded that the prediction of Cd
leaching from pore water composition and rainfall data overestimated
Cd leaching by a factor 5, 4 and 2 depending on the soil depth at
which the pore water was sampled (Gray et al., 2003). The most rele-
vant depth is the deepest one, corresponding to a factor 2, since the
leachate was collected at the bottom of the columns. If correct, the factor
2 has important effects on the estimated EU Cd mass balance. However,
the conclusion of that study might be questioned: the soils were undis-
turbed (unmixed) soil columns, 25 cm high, and Cd concentrations de-
creased with depth. The pore waters were not collected at the interface
where leachates were collected and for which the pore water had to be
measured to test the hypothesis whether pore waters denote flux con-
centrations. In addition, there was no unsaturated water flow since the
leachates were collected by gravity, inducing water saturated condi-
tions at the lower interface in which anaerobic conditions develop
leading to lower Cd mobility. The higher pH of the leachates than
those of the soil is indicative for anaerobic conditions and can reduce
local mobility. This suggests that the measured leachate Cd concentra-
tions in that study are lower than values in the field where soils are
mainly unsaturated. We have seen such trends before in column studies
and concluded that monitoring Cd leaching requires suction to be ap-
plied at the bottom of the boundary layer where leachates are collected
(Degryse et al., 2007).

A Monte Carlo sensitivity analysis of the projected change in soil Cd
was made to identify the variability in Cd trends based on variability of
the parameters. This was performed using Risk Solver program for Excel
by combining the variability of the atmospheric deposition, P applica-
tion rate, Cd concentration of P fertilizer, soil pH, OC content and initial
soil Cd concentration in Europe and assuming appropriate distributions
of the parameters. This analysis entailed 10,000 simulations and again

Table 7

confirmed that soil pH is the most important parameter in predicting
long-term change in soil Cd, followed by the initial soil Cd concentration
and the OC content of a soil. The Cd concentration of the P fertilizer itself
comes only on the fourth position (details of that analysis can be obtain-
ed from senior author).

3.2. Comparison with other mass balances

In contrast with other mass balance studies performed in Europe, a
net decrease in soil Cd is expected for Europe at the average scenario
for cereals (Table 7). In the European Union Cd risk assessment report
(EU, 2007), it was calculated that for the European average soil Cd
would increase from 0.30 to 0.32 mg Cd (kg soil) ! over 60 years.
This difference in result can mainly be attributed to (i) the higher
level of P application rate assumed, and (ii) the difference in Kp model
used for estimations. In the CSTEE report (2002) soil Cd was estimated
to change in 100 years by between —4% and 50% for P fertilizers
containing 40 mg Cd (kg P,0s5)~!, which is close to the current
European average. Again, different input and output parameters (i.e. at-
mospheric deposition, leaching, P fertilizer consumption) were as-
sumed (as discussed in detail before). A short overview of similar
input and output balances is given in Table 7.

Earlier studies performed by Hutton and Symon (1986) and
Nicholson et al. (2003) focussed on making an inventory of Cd inputs
to agricultural soils of United Kingdom, whilst in the others output of
Cd is also considered. Large differences can be found between previous
inventories and more recent estimates (from 2010) for atmospheric
deposition, Cd additions by P fertilizers and other diffuse inputs such
as manure, lime and sludge. Especially for atmospheric deposition
(EMEP/CEIP, 2012a) and P fertilizer use (IFA, 2012), large changes in
time have been documented and explain the discrepancy.

There are some data available on recent time trends in Cd concentra-
tions in crops and food. Cadmium concentrations in stored grain
samples from a long-term trial in Sweden (60 years: 1918-1980)
were measured (Andersson and Bingefors, 1985). An increase was
observed up to 1980. Other data from 10 long-term fertilizer trials in
Sweden indicate a decreasing trend (about factor 2) in wheat grain
between 1980 and 2003 (Kirchmann et al., 2009). The food monitoring
programme in Germany noted that wheat grain Cd concentrations
decreased from about 0.05 to 0.04 mg Cd kg~ ! between 1995 and
2005. Such parallel trends in atmospheric deposition (Kirchmann

An overview of inputs and outputs (g Cd ha~! yr—') considered in different European Cd mass balance studies or input inventories.

Reference Hutton and Alloway and Moolenaar and Nicholson CSTEE Sternbeck Belon et al. Update (2010
Symon (1986) Steinnes (1999) Lexmond (1998) et al. (2003) (2002) et al. (2011) (2012) as reference)

Country of relevance UK Europe The Netherlands UK EU15 Sweden France EU27 + 1

Inputs

Atm. Dep. 3.00 3.00 130 1.90 3.00 0.31-0.39 0.25 0.35

P fertilizers 440 2.50 1.50-2.50 1.60 0.46-4.14° 0.10-0.60* 0.98 0.79

Manure and compost nd. nd. 0.05 14to6° nd. nd. 0.44 0.01

Sewage sludge 0.9 nd. nd. 0.14 nd. 0.06-0.55¢ 0.08 0.05

Lime nd. nd. nd. 0.14 nd. 0.04 0.04 0.09

Total input >83 >55 >2.85-3.85 5.18-9.78 >3.46-7.14 >0.51-1.58 1.79 129

Outputs

Crop offtake nd. nd. 0.65¢ nd. 0.3¢ 0.25-0.84¢ nd. 0.20°

Leaching nd. nd. 1.60 nd. 0.31-9.8" 04% nd. 2.56

Total output nd. nd. 225 nd. 0.6-10.1 0.65-1.24 nd. 276

For this study only the European average was considered.
nd. Not determined or not considered in the study.

2 Depending on the Cd concentration of the P fertilizer (20, 40 or 60 mg Cd (kg P,0s)~!) and P fertilizer rate (23 or 69 kg P,0s ha—') used in calculations.

b Depending on the type of manure considered in calculations.

P loads similar to P loads given as mineral fertilizer.
Crop offtake by arable crops only, constant annual crop offtake.

c
d
e
f

¢ Leaching is assumed independent of changes in soil Cd concentration, pH and OC.

Crop offtake at t = 0 (initial soil Cd concentration is 0.28 mg Cd kg~!), but changes with soil Cd concentration via a transfer function.
Depending on the Kp model (Rémkens and Salomons, 1998; McBride et al., 1997) and precipitation excess (0.1 or 0.4 m yr~ ') used in calculations.



L. Six, E. Smolders / Science of the Total Environment 485-486 (2014) 319-328 327

et al., 2009) may also be affected by recovery from acid rain or declining
soil Cd.

3.3. Uncertainties in long-term Cd predictions

The predictions of long-term changes in soil Cd concentrations have
relied on the business as usual assumption. This results in an oversim-
plification of reality as changes can be expected in terms of P fertilizer
use, agricultural practices including soil pH control and climate. Howev-
er, given that no reliable future scenarios can be developed for the all
factors; we refrained from making simulations. From the above it is
clear than changes in soil pH are likely to have most significant impacts
on the balance at current low level input scenarios.

4. Conclusions

The current EU Cd mass balance in a scenario with EU average input/
output is negative compared to positive balances for the similar cases
that were estimated 10 or more years ago. Soil Cd in cereal and potato
cropping systems is predicted to decrease by, on average, 15% over the
next 100 years whilst the P10 and P90 range of scenarios are a 64%
decrease to a 12% increase. This negative input-output balance was
obtained due to the strong reduction of atmospheric Cd deposition
data and reduced P fertilizer consumption rates. The predicted regional
trends in EU range between 15% increase (e.g. Spain) and 21% decrease
(e.g. United Kingdom) and mainly relate to differences in soil pH, pre-
cipitation or drainage excess, and fertilizer application rates.
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The heat island effect is a term that refers to increased ambient temperatures in both natural and
urban environments due to land use changes. This effect is most prevalent in urban environments
as a result of increased development such as converting vacant land into a shopping center. Limited
empirical data exists regarding the heat island effect resulting from the installation of solar energy
facilities. Most studies rely on models that produce varying results, with some even suggesting
that solar energy facilities result in a cooling effect on local environments.*

One of the few studies that collected empirical data regarding the heat island effect from solar
energy facilities focused on a desert ecosystem in Arizona. The study monitored ambient
temperatures for over one year using aspirated temperature probes (2.5 meters above the soil
surface) at three nearby sites (within 1 km?) that included a solar energy facility, an urban parking
lot, and a natural semiarid desert ecosystem. The study concluded that the average annual
temperature within the solar arrays at the solar energy facility was 22.7°C + 0.5°C, while the
nearby desert ecosystem was 20.3°C + 0.5°C, thus indicated a slight heat island effect.?

However, it should be noted that the study was limited in its scope in that it only measured ambient
temperatures at the three locations, and not the transfer or attenuation of heat from one location to
another. The study also indicates results would be different if conducted in an ecosystem
comparable to the Project Site that is surrounded by dense vegetation, forested areas, varying
topography, higher annual precipitation, and perennial wetlands, rather than a desert ecosystem.
While the Project may induce a minimal heat island or slight cooling effect within the PV solar
arrays, it is expected that this increase in ambient temperature would rapidly attenuate with
distance from the PV solar arrays due to the surrounding environment (e.g., vegetation,
topography, weather, wetlands).

Another model-based study found that slightly elevated temperatures within the solar field quickly
dissipated and returned to ambient temperatures both above and at the perimeter of the solar array.
It also found that on most days the solar array cooled completely at night, making a heat island
effect even less likely.®

As stated above, the Project is currently being designed to allow for maximum setbacks (beyond
50 feet) from adjacent property owners, with the intent of achieving a minimum 250-foot setback
from all Fawn Lake property lines. sPower is maintaining and/or installing vegetative buffers and
berms that would further reduce heat emanating from the PV solar arrays through absorption;
thereby preventing a heat island effect on neighboring properties. And lastly, sPower’s operations
and maintenance staff regularly work within operating solar arrays on existing solar energy
facilities in desert regions and are never exposed to unsafe temperature levels.

1 Masson, V., Bonhomme, M., Salagnac, J.-L., Briottet, X. & Lemonsu, A. Solar panels reduce both global warming
and Urban Heat Island. Frontiers in Environmental Science 2, 14, doi: 10.3389/fenvs.2014.00014. (2014).

2 Barron-Gafford, Greg, R., Minor, N., Allen, A., Cronin, A., Brooks. & M., Pavao-Zuckerman. The Photovoltaic
Heat Island Effect: Larger solar power plants increase local temperatures. Scientific Reports, doi:
10.1038/srep35070. (2016).

3 Fthenakis, Vasilis & Yu, Yuanhao. (2013). Analysis of the potential for a heat island effect in large solar farms.
Conference Record of the IEEE Photovoltaic Specialists Conference. 3362-3366. 10.1109/PVSC.2013.6745171.
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The production of solar energy in cities is clearly a way to diminish our dependency to
fossil fuels, and is a good way to mitigate global warming by lowering the emission of
greenhouse gases. However, what are the impacts of solar panels locally? To evaluate
their influence on urban weather, it is necessary to parameterize their effects within the
surface schemes that are coupled to atmospheric models. The present paper presents a
way to implement solar panels in the Town Energy Balance scheme, taking account of the
energy production (for thermal and photovoltaic panels), the impact on the building below
and feedback toward the urban micro-climate through radiative and convective fluxes. A
scenario of large but realistic deployment of solar panels on the Paris metropolitan area is
then simulated. It is shown that solar panels, by shading the roofs, slightly increases the
need for domestic heating (3%). In summer, however, the solar panels reduce the energy
needed for airconditioning (by 12%) and also the Urban Heat Island (UHI): 0.2 K by day and
up to 0.3 K at night. These impacts are larger than those found in previous works, because
of the use of thermal panels (that are more efficient than photovoltaic panels) and the
geographical position of Paris, which is relatively far from the sea. This means that it is not
influenced by sea breezes, and hence that its UHI is stronger than for a coastal city of the
same size. But this also means that local adaptation strategies aiming to decrease the UHI|
will have more potent effects. In summary, the deployment of solar panels is good both
globally, to produce renewable energy (and hence to limit the warming of the climate) and
locally, to decrease the UHI, especially in summer, when it can constitute a health threat.

Keywords: urban heat island, solar energy, solar panels, cities, adaptation to climate change

1. INTRODUCTION

Renewable energy is seen as a necessary step toward sustainable
energy development, diminution of the use of fossil fuels and
mitigation of climate change, as stated for example by Elliott
(2000): “With concerns about Climate Change growing, the rapid
development of renewable energy technologies looks increasingly
important.” However, the recent analysis of Nugent and Sovacool
(2014) showed that, when their complete life-cycle is consid-
ered, renewable energies are not CO; sinks yet. Nevertheless
their greenhouses gas emission rate per unit of energy produced
is much less than for energy sources based on fossil fuels and
slightly less than for nuclear power. They also “uncover best prac-
tices in wind and solar design and deployment that can better
inform climate change mitigation efforts in the electricity sec-
tor.” Elliott (2000) underlines that renewable energy deployment
requires a new paradigm, of decentralized energy production
and small production systems. The implementation of renewable
energy will need social and institutional changes, even if technol-
ogy for these systems already exists (Gross et al., 2003, while still
needing improvements and further research Jader-Waldau, 2007).
Funding, incentive policies and statutory obligations on electric-
ity suppliers may be needed to develop renewable energy faster.
Lund (2007) demonstrates that, in Denmark, a transition toward

100% of renewable energy production is possible. Sovacool and
Ratan (2012) conclude that nine factors linked to policy, social
and market aspects favor or limit the development of wind tur-
bines and solar energy, and explain why renewable energy is
growing fast in Denmark and Germany compared to India and
the USA.

Sims et al. (2003) show that most renewable energies can,
in certain circumstances, reduce cost as well as CO; emis-
sions, except for solar power, which remains expensive. However,
Hernandez et al. (2014) review the environmental impacts of
utility-scale solar energy installations (solar farms), which are
typically implemented in rural areas, and show that they have low
environmental impacts relative to other energy systems, includ-
ing other renewables. Furthermore, solar power is also one of the
few renewable energy sources that can be implemented on a large
scale within cities themselves. Arnette (2013) shows that, com-
pared to solar farms, individual rooftop solar panels are a very
cost-effective means of increasing renewable energy generation
and decreasing greenhouse gas emissions. So they conclude that
solar panel implementation on roofs should be part of a balanced
approach to energy production. Here, we aim to evaluate the envi-
ronmental impacts on the local climate, of implementing such a
strategy at city scale.
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The main impact of cities on the local weather is the Urban
Heat Island (UHI). Cities are warmer than the surrounding coun-
tryside, and this can lead to a health crisis during heat waves,
as was the case in Paris in 2003 with 15,000 premature deaths
(Fouillet et al., 2006) or in Moscow with 11,000 premature deaths
in 2010 (Porfiriev, 2014). It also has to be considered that, due to
climate warming, the UHI impacts will become even larger than
they are now (Lemonsu et al., 2013). Therefore, several strategies
are being studied to reduce the UHI in summer. Gago et al. (2013)
have reviewed several research works analyzing strategies to mit-
igate the UHI, including changes in green spaces, trees, albedo,
pavement surfaces, vegetation, and building types and materials.
Santamouris et al. (2011) have reviewed of several advanced cool
materials systems usable to reduce the UHI. Such materials could
be implemented on roofs in order to reflect more energy to the sky
(high albedo, high emissivity) or to delay the heat transfer toward
the inside the building (phase change materials). Masson et al.
(2013) showed that changes in agricultural practices in the vicin-
ity of Paris and the use of cool materials for roofs and pavement
would decrease the UHI by 2 K and 1 K, respectively. However, the
question of the ability of solar panels to contribute to the same
goal is not addressed in these papers, and extremely few studies
focus on, or even take into account, the effect of solar panels on
the UHIL

It is thus necessary to analyze whether the two objectives of
mitigating the global climate warming by increasing renewable
energy production in cities, especially through solar panels, and
of attenuating the UHI are compatible. Solar panels modify the
nature of the rooftop and may thus influence the energy transfers
to the atmosphere and the resulting UHI. The aim of this paper is
then to evaluate the impact of solar panels, known to be good
for global warming mitigation, on the local climate, especially
the UHIL

2. SOLAR PANELS INTO THE URBAN CANOPY MODEL TEB
The objective of this section is to present how solar panels can
be included in the Town Energy Balance (TEB, Masson, 2000)
scheme, in terms of both energy production and interactions with
the roofs below (shading, modification of the roof energy bal-
ance, etc.). The solar panels themselves can be either photovoltaic
panels or thermal panels that heat water.

2.1. MODELING STRATEGY

The solar panel exchanges energy with the other components of
the system. Very few parameterizations taking these exchanges
into account exist in the literature. The level of detail depends
strongly on the objectives of the authors. On the one hand, when
looking at the building scale, it is possible to consider some imple-
mentation characteristics of the panels, as in Scherba et al. (2011),
who modified the Energy+ software (software dedicated to build-
ing energetics) to improve its previous solar panel model (which
only computed the energy production). Their solar panel model
considers the tilting of the panels and associated sky-view fac-
tors. They then perform an analysis of the impact of several
types of roofs on sensible heat fluxes toward the atmosphere, but
are unable to link these fluxes to the UHI, which needs to take
all the buildings of the entire city into account. On the other

hand, Taha (2013) studies the impact of solar panels on the whole
urban area of Los Angeles. To do this, he uses the very simplified
approach of effective albedo, which accounts for both the albedo
and the solar conversion efficiency (linked to the energy pro-
duced). This approach estimates the impact on the UHI, but does
not take account of the interactions with the urban canopy below
(solar panel shadowing may lead to less cooling energy being used
in buildings for example, leading to less waste heat outside).

In order to study the impact of solar panels implementations
on the urban atmosphere and on the population and buildings,
we need an approach that looks at both spatial scales: buildings
and city. The TEB scheme is able to simulate the energy, water
and momentum exchanges between cities and the atmosphere at
a resolution as high as the urban block (say down to 100 m by
100m). The energetics of buildings have also been included in
TEB by Bueno et al. (2012) and Pigeon et al. (2014), to simu-
late the energy behavior of a typical building representative of the
block. The focus is to keep the maximum of key processes, while
making some approximations in the geometry that are pertinent
at block scale (building shapes are averaged into road canyons,
only one thermal zone is kept in the buildings, individual win-
dows are averaged into a glazing fraction, etc.). Gardens and
greenroofs modules have also been implemented (Lemonsu et al.,
2012; DeMunck et al., 2013a). The modeling strategy chosen here
for the implementation of solar panels is similar: key processes
are kept while some geometrical assumptions are made to avoid
unnecessary details of individual buildings.

In TEB, it is necessary to take account not only of the produc-
tion of energy by the panels but also the influence of the panels
on the underlying roofs. We must therefore calculate the com-
plete energy balance of the panel to determine what is exchanged
with the roof or the atmosphere. The TEB model will then be able
to estimate the impact of solar panel implementation on the UHI
at city scale, as well as the production of energy.

2.2. ENERGY BALANCE OF THE SOLAR PANEL

Geometrically, the solar panels are assumed to be horizontal when
calculating the radiative heat exchange with the other elements:
exchanges between the roof, the solar panels and the sky above are
considered to be purely vertical (Figure 1). Note that we take the
inclination of the panel into account to calculate the irradiance
for power production.

The energy balance equation of the solar panel is written:

4+ LWy

'
sw y

(- t t \
sky + LWroof - SWp nel + pranel + LW,

a panel

+H+Eprod (1)

The terms on the left hand side are incoming energy to the solar
panel:

5st< is the incoming Short-Wave radiation from the sun. It

can be diffuse or direct, and is considered as forcing data
for TEB.

IW! s the incoming Long-Wave radiation from the atmo-

sky
sphere. It is diffuse and is also used as forcing data
for TEB.
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FIGURE 1 | Schematic diagram of the energy balance of the solar panel
and its impact on radiation received by the roof (dashed arrows: solar
fluxes; plain arrows: long-waves fluxes; dotted arrow: sensible heat
flux; dotted-dashed arrow: energy produced).

LW:O of 1 the Long-Wave radiation coming up from the roof and
being intercepted by the solar panel. It is computed by
TEB from the roof emissivity and surface temperature
and the long-wave radiation received by the roof:

waoof = €roof0 Thpoy + (1 — emgf)LWfoaf )

The terms on the right hand side of Equation (1) are outgoing
energy from the panel:

sw!

anel is the solar radiation reflected by the solar panel. It

is classically parameterized using the albedo of the
solar panel (otpanel): SWPT = ozpm,eZSW; nel+ 1t 18 also

anel —

assumed to go back to the sky (we neglect the effect of
the inclination of the solar panel on the direction of the
reflected light). According to Taha (2013), the value of
the albedo of the solar panel ranges from 0.06 to 0.1.
We performed measurements of the albedo for a sample
of solar panel (under several inclinations) by integrating
the hemispheric directional reflectance measured with a
goniometer (see section 2.4 for details). From our mea-
surements, the value of 0.11 is used for apuue in the
present paper.

w!

panel is the long-wave radiation emitted (and reflected) by the

solar panel to the sky. It depends on the surface temper-
ature of the solar panel, which is estimated following the
ISPRA center method:

Tpanel = Tyir + krlrr (3)

where Ty, is the air temperature, Irr is the irradiance
received by the solar panel (cf section 2.5) and kr is
a constant coefficient equal to 0.05K/(Wm™2). In this
formulation, the nocturnal dependency of the panel
surface temperature on the sky temperature proposed
by Scherba et al. (2011) is not used. It would be an
improvement to be considered in the future. Also using

the emissivity of the solar panel €pap, equal to 0.93 in
our measurements (cf section 2.4), the upward long-
wave radiation from the solar panel can be written:

w!

panel

= €panel0 T;anel +(1 - €panel)LWiy (4)

WY

anel is the long-wave radiation emitted by the solar panel to

the roof (downwards). It is computed under the hypoth-
esis that the temperature of the downward face of the
solar panel is always approximately equal to the air tem-
perature. This is probably a limitation of our model
during daytime. However, even if the temperature of
the downwards face of the solar panel is underestimated
(due to the warming of the solar panel and the heat diffu-
sion inside it), this temperature will still be higher than
the sky temperature. So, from the point of view of the
roof below the solar panel, the incoming radiation will
be higher. This captures at least the first order of an effect
of the solar panel on the roof. Given the uncertainties, we
also neglect the dependency in emissivity for this face of
the panel. This gives:

LWpinel = UTazt'r (5)

is the energy produced by the panel. It depends of the

nature (thermal or photovoltaic) and characteristics of
the panel, the irradiance on the panel, the inclination of
the panel (not taken into account in the other terms),

and the air temperature. Details are given in sections 2.5,

2.6 for PV and thermal panels, respectively.

H is the sensible heat flux from the solar panel to the
atmosphere. We assume that the solar panel is thin,
has no significant thermal mass and hence is in quasi-
equilibrium. This means that the sensible heat flux,
the only term that is not parameterized, is taken to be
equal to the residue of the solar panel energy budget.
Besides the fact that it is difficult to have a parameteri-
zation of this term, this ensures conservation of energy
balance.

Eprod

2.3. MODIFICATION OF THE ENERGY BALANCE OF THE ROOF

For the energy balance of the roof, the most important key param-
eter will, of course, be the proportion of roof area occupied by the
solar panels. As mentioned above, we only consider the projec-
tion of the panels onto the horizontal surface (it would be absurd
to make accurate calculations taking the inclination of the panels
into account—except as noted above for production—when it is
already assumed in TEB that all roofs are flat). The fraction of the
roof covered by solar panels is noted fpael-

The following simplifying assumptions are made:

e An average temperature is still calculated for the roof, without
distinguishing between the parts of the roof under or beside
the panel. This is reasonable, in particular for flat roofs with
inclined panels, because the shadows cast by the panels can
modify the radiative contribution to the roof beside as well as
below the panels.
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e The coefficient for heat transfer from the roof to the sensi-
ble heat flux is not changed (it is already in a heterogeneous
environment with a roughness length of 5 cm).

e The effect of humidity on panels is neglected: the water inter-
ception reservoir treating rainwater and evaporation concerns
the whole surface of the roof.

e The effect of solar panels on snow is neglected. The snow man-
tel, if any, accumulates uniformly on the roof. Note that snow
might change the energy produced by the solar panel (but this
is not taken into account yet).

These assumptions allow us to change only the radiative contribu-
tions to the energy balance of the roof. Assuming that the surface
area of the shadows is equal to the surface area of the solar panels,
the incoming solar radiation on the roof is:

Sergof =(1 _fpanel)sch}, (6)

The long-wave incoming radiation on the roof is modified by the
long-wave radiation emitted downwards by the solar panels:

LWrJ;of = (1 _f})anel)LWSt}, +]§7unelLW:anel (7)

This way of implementing the interactions between solar panels
and the roof below allows the considerations of the way the roof is
built to be separated from the question of whether there are solar
panels on it or not. For example, although it is not the case in
this paper, it is possible to have greenroofs with or without solar
panels. If there are solar panels, the vegetation of the greenroof
will simply be more in the shade and receive slightly more infrared
radiation.

2.4. RADIATIVE CHARACTERISTICS OF SOLAR PANELS

To establish the energy balance of the equivalent urban canyon,
the TEB model needs the albedo (integrated between 0.4 and
2.5pum) and the emissivity in the thermal infrared (integrated
between 5 and 12um) for the following main areas: road,
roofs, facades, glazing. The French Center for Aerospace Research
(ONERA) laboratory maintains a current database of optical
properties of urban materials. Specific measurements were made
for emerging materials: rough white paints, photovoltaic solar
panels, metal cladding, and glass (including low emissivity). The
measurements for large samples of materials, e.g., for solar panels,
were made using a goniometer (Figure 2, left).

The measurement process is fully automated in the 0.4-2.5 pm
spectral domain. The position measurements acquired by the
detector are regular in azimuth (0-180° range) and zenith (0-60°
range) with an angular accuracy of 1°, except for the region of
specular reflection, which is meshed more precisely.

The reflectance is measured with reference to a reflectance ref-
erence (Spectralon). Thereafter, the reflectance of the solar panel
placed in the center of the goniometer is acquired for all recorded
positions of the detector and the light source. The reference
measurement is repeated at the end of the process.

The albedo of the solar panels is then computed by integrat-
ing the radiance in all directions over the entire spectral range.

FIGURE 2 | Left: Goniometer used for albedo measurements. Right:
Instrument used for emissivity measurements.

It typically varies from 11 to 16% depending on the position
of the sun and the sensor inclination. When the panel is favor-
ably oriented relative to the sun (and hence when the incoming
radiation per square meter of panel is the largest), as is usu-
ally implemented, the albedo is in the low range, and equal to
about 11%.

The emissivity was measured using a SOC 400T apparatus
(Figure 2, right). It measures the directional hemispheric
reflectance for wavelengths between 2.5 and 20 pm. The resulting
emissivity was 0.93 for solar panels.

2.5. ENERGY PRODUCED BY PHOTOVOLTAIC PANELS
In TEB, two different types of solar panels: thermal and photo-
voltaic (PV) are considered. The aim of thermal solar panels is
to warm the water necessary for the occupants of the building.
They are much more efficient (in terms of energy produced) than
photovolatic panels, but only produce heat, not electricity.

For PV panels, the energy produced is usually parameter-
ized as:

(W/m? of solar panel)
(8)
where Effpy, is the conversion efficiency of the PV panel and
R(Tpaner) a coefficient to reproduce the fact that solar panels are
most efficient at 25°C and present a decrease in efficiency for
warmer panel temperatures. The efficiency coefficient varies from
5% to 19% (Taha, 2013), with values as high as 30% possible in
the far future (Nemet, 2009). In France, most PV panels use the
usual crystalline silicon (xSi) technology (Leloux et al., 2012), for
which the efficiency is approximately Eff p,, = 14%. To relate the
irradiance received by the panel (possibly tilted) to the incident

EPVprod = Eﬁ[PV x Irr x R(Tpanel)

radiation on a horizontal surface (SWS%(),), it is possible either to
perform geometric calculations on the relative position of the sun
and panels or to apply a priori correction factors. This second,
simpler approach is chosen here, and the coefficient of the French
thermal Regulations of 2005 is used:

Irr = FT x SW*

sy (W/m? of solar panel) (9)

The correction factor FT is typically 1.11 on annual average for a
South facing panel in Paris. Assuming that solar panels are placed
fairly optimally, i.e., with an approximately 30° tilt and oriented
between South-East and South-West (as is usually the case in
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France, Leloux et al., 2012), we can estimate that the coefficient
FT is equal to FT = 1.10 in France. The temperature dependent
coefficient can be written as:

R(Tpanet) = min {1; 1 — 0.005 X (Tpaner — 298.15)}  (10)
Finally, the production of the PV panels is parameterized, also

using the relationship between panel temperature and irradiance,
as:

Epy proa = Effov x FT x SWy, x

min {15 1= 0.005 x (Tair + kFT x SW§,, — 298.15)

(\/\7/m2 of solar panel) (11)

2.6. ENERGY PRODUCED BY THERMAL SOLAR PANELS

The amount of energy produced by solar thermal panels is usu-
ally defined on an annual basis (Philibert, 2006). This can partly
be justified by the fact that the limitation of energy production is
not linked solely to the available sunlight but also to the objective
in terms of quantity of water heated (there is no point in heat-
ing water beyond the set-point, typically 60°C for hot water, nor
for more people than those actually occupying the building, 321
per person). From French regulations, for one person, the annual
production with thermal solar panels is:

1
/ Ether prod = 3 x 1.16 x 32AT (kWh/year/person) (12)
year

where AT is the temperature difference between cold and hot
water (typically 45K in France). The factor % comes from an
adjustment to account for the fact that only a part of the need
for warm water can be covered by solar energy. This factor can
vary depending on location, climate (frequency of presence of
clouds), seasonality (less sun radiation in winter) and technical
features of the installation (ADEME, 2002). A typical value of %
is taken here. Furthermore, it is considered that this per capita
energy requirement can be satisfied by 1 m? of thermal panel. So,
the power averaged over the year would be:

1
< Etherprod > = 3 x 1.16 x 32AT x 1000/24/365

(W/m? of solar panel) (13)

Here, in order to better take the variability in production due to
solar irradiation into account, instead of an annual mean com-
putation, instantaneous production is considered in connection
with the daily need for warm water. This mimics the fact that
the water is heated during the day and stored until it is used dur-
ing the next 24 h. So, using the regulation information above, the
target energy production for 1 day can be defined as:

Ehertarger = 1.16 x 32AT x 1000/365 x 3600

(J/m? of solar panel) (14)

The % factor has disappeared here because we consider ideal
heating (i.e., sunny) conditions for the definition of the target.
The production of the thermal panel is then computed in three
steps:

1. The instantaneous production is defined as Egerprod =
Effer x Irr (W/m?of solar panel) where Effy,, is the effi-
ciency coefficient of the thermal panel and Irr the irradiance
received by the panel. The efficiency of new thermal solar pan-
els typically ranges between 0.70 and 0.80. However, in real
conditions of use, especially in cities, dirt and dust on the panel
reduce its energy production. Elminir et al. (2006) found a
decrease of between 6% and 20% in the output power due to
dust (17.4% for a 45° tilt angle of the solar panel). A simi-
lar effect of dirt had already been found by Garg (1974), with
attenuation of 10-20% for tilt angles between 45° and 30°.
Therefore, in the present study Eff,., was set to 0.60.

2. The total amount of energy produced is summed from
midnight the previous night to the current time ¢#:
f;id”ight Etper proadt (J/m* of panel).

3. If the quantity of energy produced since midnight reaches the
target Eper targer> then any additional production during the
same day is wasted and further energy production is set to zero.

To summarize, for solar thermal panels, the production is param-
eterized as:

—
if fmidnight Etherproddt < Ether target
then  Etner prod = Effther X Irr

ot
if midnight Ether proddt = Ether target
then Ether prod = 0
(15)

2.7. HYPOTHESES ON TYPES OF SOLAR PANELS

As the model is able to consider both thermal and PV solar panels,
it is now necessary to define some hypotheses on the use of each
type of panel. This is, of course, a scenario-dependent element,
in the sense that it can be modified for each study. For exam-
ple, Taha (2013) only studied the implementation of PV panels
in the Los Angeles metropolitan area. The interest of also con-
sidering the deployment of thermal solar panels in this paper
is that this energy production technology is less greenhouse gas
emissive per unit of energy produced (considering its whole life-
cycle) than PV (Nugent and Sovacool, 2014). Here, it will thus
be supposed that both types of panels are possible. The main
hypotheses are:

e On residential buildings and houses, the priority is given to
thermal solar panels, which are more efficient. The thermal
production is of course limited by the area of panels on the roof
but it is also limited by the population in the building: it is not
necessary to heat more water than required by the number of
people who are going to use it. Therefore, once the necessary
area of thermal solar panels is reached, the remaining space
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allocated for solar panels on the roof will be devoted to PV
panels.

e On other types of buildings (offices, commercial, industrial,
etc...) only PV panels will be installed.

The total fraction of the building’s roof where solar panels (any
type) can be installed is noted fy4e1 (this quantity is also scenario
dependent). It is then necessary to define what proportion of
the roof area is required for thermal panels, and how much
area remains available for PV panels. In France, in residential
buildings, the density is typically 1 occupant per 30 m? of floor
area'. Furthermore, as mentioned above, 1 m? of thermal panel
is needed per capita. This means 1 m? of panel per 30 m? of floor
area. For single story accommodation, 1/30 of the roof is then
equipped with thermal panels, and (fyaner — 1/30) by PV panels.
If the building has two stories, thermal panels will occupy 2/30 of
the roof area, and so on.

So if Njor is the number of floors of the building (variable
calculated in TEB), the proportions of thermal panels (finer paner)
and PV panels (fynor panet) are calculated as:

(16)
(17)

ftherpanel = min(Nﬂoor/30;,f[)anel)

fPVpanel = max(ﬁmnel _f!herpanel; 0)

The total production of the solar panels on the roofs can then be
written:

Epmd = (ftherpunel Etherpmd + ﬁ)hotpunel Ephotprod)/ﬁmnel
(W/m2 of solar panel) (18)

This is this quantity that is involved in the energy balance of the
panel (section 2.2).

3. IMPACT OF SOLAR PANELS ON PARIS URBAN HEAT
ISLAND

3.1. SIMULATION CONFIGURATION AND SCENARIOS

We are now able to simulate the impact of the implantation
of solar panels in a city on the UHI The simulations are per-
formed on the Paris metropolitan area, with TEB, coupled with
the vegetation scheme ISBA (Noilhan and Planton, 1989) for
rural areas, within the SURFEX modeling software (Masson et al.,
2013b). The simulation domain is 100 km by 100 km, with a
resolution of 1km. At such a resolution, only the main charac-
teristics of the buildings within the blocks in the grid mesh are
kept. Geometric parameters are averaged in order to conserve
the surface areas (for walls, roofs, gardens, roads, water, rural
areas), while a majority rule applies for the architectural char-
acteristics of buildings (age, materials, equipment) and the use
to which they are put (residential, offices, commercial or indus-
trial). These urban data are provided by a database at 250 m
resolution (Figure 3 of Masson et al., 2014), which contains block
types as well as 60 urban indicators. Some parameters needed by
TEB, such as albedos, thermal characteristics or equipment within

Uhttp://www.insee.fr/fr/themes/document.asp?ref_id=ip1396

buildings, are deduced for each 1-km-by-1-km grid mesh from
urban block types and from the use and age of the majority of
buildings. Countryside parameters, such as land use and vege-
tation characteristics are deduced from the ecoclimap database
at 1 km resolution (Masson et al., 2003). The methodology pre-
sented in Masson et al. (2014), based on a simplified Urban
Boundary Layer generator (Bueno et al., 2013; Le Bras, 2014) is
chosen, in order to be able to perform a simulation over an entire
year. The chosen year of study is 2003, because it demonstrates
the impact the solar panels would have during a heat wave.

Some hypotheses have to be made on the proportions of
roofs equipped with solar panels. Hypotheses similar to those
presented as “reasonably high deployment” in Taha (2013) are
taken. On sloping roofs, typically on domestic houses but also
old Hausmannian buildings in the historical core of Paris, % of
the part of the roof oriented between South-East and South-West
(after Leloux et al., 2012) is assumed to be covered by solar panels
(thermal or PV, or a mix of the two). This corresponds to approx-
imately 19% of the roof being covered. On flat roofs, however,
more space is available, and solar panels are taken to be installed
on 50% of each roof.

Current albedos of roofing prior to the implementation of
solar panels are estimated for each type of building from an archi-
tectural analysis. Historical Hausmannian buildings in the very
center of Paris are roofed with zinc on top of wood, so their albedo
is very high, set to 0.6. In this regard, the solar panels, even maybe
thermal ones, would decrease the albedo of the city there, and
might tend to increase the UHI. However, only a small propor-
tion of this type of buildings is eligible for solar panels (19% of
roofs in our hypothesis), and the spatial coverage of this type of
old city blocks is limited (see Figure 3 of Masson et al., 2014).
Except for the most recent industrial buildings (built after 1975),
for which roof albedo is 0.5 and which, again do not cover a
significant part of the metropolitan area, roof albedo for most
buildings is estimated as 0.2 (e.g., tiles for houses and old indus-
trial buildings or gray concrete roofs for collective buildings).
Therefore, the impact of solar panels on historical or industrial
buildings is probably counterbalanced by the other parts of the
urban area, where solar panels will probably reduce the amount
of solar radiation absorbed by the buildings (due to the reflection
and conversion into energy by the solar panels).

Two simulations are run: one is the reference simulation cor-
responding to Paris in its actual state (without many solar panels)
and the second is the one with the reasonably high deployment of
solar panels. A comparison of the two simulations will assess the
effect of the solar panels on the urban area.

3.2. RESULTS FOR ENERGY PRODUCTION AND CONSUMPTION

The impacts of solar panels are discussed in terms of energy pro-
duction, of course, but also impact on energy consumption and,
in the next section, on the UHI and thermal comfort. At the city
scale, the production by thermal solar panels is larger than by PV.
This comes both from the fact that their deployment is favored
for domestic buildings and from their much higher efficiency
(the former being linked to the latter). It should nevertheless be
noted that, from April to August, production by thermal solar
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panels saturates (enough hot water is produced), so their real effi-
ciency decreases. Over the entire year, on average for the whole
city, the thermal solar panels would produce approximately 265
M]J/year/m? of building and the PV panels 113 M]/year/m? of
building. This would cover an equivalent of 28% of the energy
consumption for domestic heating and air-conditioning.

The solar panels also slightly modify the energy consumption
of the buildings. During winter, the solar panels could induce
a decrease of the energy consumption due to more infra-red
energy reaching the roof, or increase it by reducing the amount
of solar radiation received or by their effect on the UHI. Overall,
the domestic heating demand increases by 3% per year in our
scenario. During summer the need for air-conditioning will prob-
ably decrease, thanks to the shading of the roofs and the cool-
ing induced in the urban climate (see below). The comparison
between the two simulations indicates that the air-conditioning
energy demand decreases by 12%. Because the energy consump-
tion for air-conditioning is low compared to that for domestic
heating, the balance between the loss in energy in winter and the
gain in summer induces an increase of total energy consump-
tion by buildings of 1%. However, in the future, when climate
warming induces milder winters and hotter summers, insula-
tion will (hopefully) be better and air-conditioning equipment,
currently not widely installed in France, will (probably) take on
greater importance so this balance may change. Then, massive
installation of solar panels may even be beneficial for energy
consumption.

3.3. RESULTS ON URBAN HEAT ISLAND

The deployment of solar panels in the Paris metropolitan area
would not be neutral in terms of urban climate. Figure 3 presents
the difference in the daily minimum and maximum air tempera-
ture between the two simulations (for two contrasting months:
January and August). In wintertime, when the sun is low, the

January, night TN January, day TN

A | || LAl
August, night N @ | |August, day ‘TAN

FIGURE 3 | Difference of minimum or maximum air temperature
between simulations with and without solar panels. Each panel (A-D)
is a monthly average. Horizontal and vertical axes are in km.

impact of the solar panels on the air temperature is relatively
small. Their implementation reduces the maximum air temper-
ature by approximately 0.05K in the city center and the UHI by
more than 0.1 K in Paris and its dense suburbs, and by 0.05K on
the whole metropolitan area. However, we have seen that this is
large enough to have a noticeable (if limited) influence on energy
consumption for domestic heating.

During the month of August, in the first half of which the
famous 2003 heat wave occurred, the impacts of solar panels on
air temperature would be larger. In daytime, the presence of solar
panels would decrease the air temperature by more than 0.2K,
especially in the dense suburbs, where the density of solar panels
is the highest, due to both the high density of building and the
fact that unlike the Haussmanian buildings of the city center, the
suburban apartment and commercial buildings are flat roofed.
This cooling value is consistent with, even though larger than, the
value of 0.05K found for the July 2005 heat wave episode in the
Los Angeles area reported by Taha (2013) for present PV panels.
When the efficiency of PV panels is improved (up to 30%), Taha
(2013) predicts that the cooling will reach 0.15 K. There are two
possible explanations for the fact that more intense cooling is sim-
ulated for Paris. First, the presence of the sea breeze in Los Angeles
could limit local cooling due to solar panels in the city while
extending the area of cooling by advection of the (slightly) cooler
air. This can explain why a large portion of the metropolitan area
of Los Angeles is impacted by the solar panels in these simula-
tions. Second, only PV panels were simulated by Taha (2013). The
efficiency of these panels was assumed to be relatively high (20%),
larger than the value used in the present study, but much smaller
than the efficiency of thermal solar panels (60%). As we inves-
tigate a scenario with deployment of both types of solar panels
here, the absorption of energy is larger than for PV alone.

At night, the impact of the solar panels is quite strong, even
larger than during daytime, with cooling reaching 0.3 K. To the
authors’ knowledge, this effect is not investigated in the literature.
This increased cooling at night is due to a combination of several
urban micro-climate processes. First, the heat storage within the
buildings is reduced in presence of solar panels, especially thermal
ones, because they intercept the solar radiation. The implemen-
tation of solar panels as a separate element of the urban surface
energy balance system, as done here, allows a fine description of
their impact on the underlying building energetics. Second, at
night, the urban boundary layer is much thinner than during the
day (typically 200 m high instead of 1500 m high in summer). So
any modification of the surface energy balance will have up to
10 times more influence on the air temperature at night. Such
a counter-intuitive phenomenon was found by DeMunck et al.
(2013b) for air-conditioning, which was shown to have more
impact at night than in the day (although the heat release itself
was, of course, larger in daytime). Here too, while the solar pan-
els primarily modify the daytime processes (by absorption and
transformation of the solar radiation into thermal or electrical
energy), the influence on air temperature is larger at night, due to
the urban fabric and the boundary layer structure.

This cooling effect, though relatively small, can improve the
thermal comfort of the inhabitants. For example, it reduces the
number of people exposed to any given intensity (e.g., 2 K) of the
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FIGURE 4 | Population exposed to moderate heat stress in August
2003 (monthly average). Left: with solar panels. Right: without solar
panels. The figure reads this way: 100% of the population is affected by at
least 7 h of heat stress per day, but only a few percents (in yellow) by more
than 14 h of heat stress per day.

UHI by 4% (£0.5%) of the total population of the metropolitan
area. The thermal comfort can also be evaluated by considering
more environmental parameters, such as the wind, radiation and
humidity, that all have an influence on human physiology. The
Universal Thermal Climate Index, UTCI (www.utci.org/), is such
an indicator. Figure 4 shows the proportion of the population of
the urban area that is under moderate heat stress when outside
(in shade). It displays the number of hours per day that a person
spends in this or any stronger level of stress. Solar panels, probably
by their effect of temperature, decrease the level on thermal stress
of the population. For example, while 17% of the total popula-
tion is affected by heat stress for more than half a day (12 h) in the
present city, the implementation of solar panels would reduce this
number to 13%. While this difference seems small, it still repre-
sents a large number of people. On average, approximately 15 min
of comfort is gained for outdoor conditions. This slight improve-
ment in exposure to heat stress, although unplanned (solar panels
are primarily implemented for energy production), can add to
larger ones, specifically aimed at urban climate cooling, such as
greening of the city.

4. DISCUSSION

Solar panels absorb solar energy to produce energy usable in
buildings, either directly in the form of heat (typically to warm
water) or as electricity. However, in doing so, they modify the
energy balance of the urban surface in contact with the atmo-
sphere, and so possibly influence the urban micro-climate. They
also change the radiation received by the roof, and hence the
building energy balance. The present paper presents a way to
include solar panels in the TEB scheme. This parameterization
simulates their production in a relatively precise way, as it depends

on the evolving meteorological conditions, rather than simply
using a rule of thumb annual production as is often done in
building design. The panels also influence the building energetics
and the heat fluxes (radiative and convective) to the atmosphere.
Thus, it is possible to evaluate the influence of solar panels
implementation strategies on the UHIL

A scenario of large but realistic deployment of solar panels in
the Paris metropolitan area has been simulated. A comparison
with the reference, present-day city without (many) solar panels,
enables the impact of this scenario to be estimated. Unlike work
previously reported in the literature, the present study imple-
mented both thermal and PV solar panels in the model. This
allowed realistic scenarios to be simulated, where thermal panels
are introduced first. It is shown that solar panels, by shading of
the roof, slightly increase the need for domestic heating (3%).
With future improvements in insulation, this impact will prob-
ably be less significant. In summer, however, the solar panels
reduce the energy needed for air-conditioning (by 12%), thanks
to the shading of the roof. They also lead to a reduction of
the UHIL

During summer, when sunlight is strong, the deployment of
solar panels can reduce the temperature by 0.2 K. At night, a sim-
plistic analysis would suggest that the solar panels have no effect
(as there is no sunlight). However, the physical simulation per-
formed here shows that the presence of solar panels leads to a
mitigation of up to 0.3 K of the UHI at night (so more than dur-
ing the day). This counter-intuitive result is due to the interaction
between the urban surface energy balance (the evolution of which
has been modified by solar panels) and the night-time structure
of the atmospheric layer above the city. These impacts are larger
than those found in previous works, because of the use of ther-
mal panels (that are more efficient than PV panels) and due to
the geographical position of Paris, which is relatively far from the
sea. This means that it is not influenced by sea breezes, and hence
that its UHI is stronger than for a coastal city of the same size. But
it also means that local adaptation strategies aiming at decreasing
the UHI will have more potent effects.

In addition to these theoretical results, some practical issues
have to be taken into consideration in order to better inform deci-
sion makers. Installing PV panels or thermal solar collectors on
roofs of existing buildings will change the visual appearance of
the urban areas concerned. This change may be a difficult issue
in towns like Paris, where the tourist industry is important, and
installation will probably not be accepted on all potential surfaces.
Moreover, the outdoor urban environment is highly polluted
and dirt deposits on panel and collector surfaces will inevitably
decrease the effectiveness of solar equipment. Regular cleaning
could be a way to limit this impact but the consequences of
this maintenance activity need to be evaluated (e.g., access paths,
security equipment, manpower). Fire risk may also be an issue
for PV panels: a series of cases were recorded for newly equipped
buildings in Europe in 2013. The products implicated were with-
drawn from the market but this situation calls for a rigorous
selection of products and contractors as well as for a maintenance
plan of the installations. The above mentioned issues require fur-
ther investigation in the perspective of an economic evaluation
taking both positive and negative externalities into account.
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To sum up, the deployment of solar panels is good both
for producing energy (and hence contributing to a decrease of
greenhouse gas emissions) and for decreasing the UHI, espe-
cially in summer, when it can be a threat to health. In future
climate conditions, solar panels would also help to decrease the
demand of air-conditioning. Future work will focus on study-
ing urban adaptation strategies in the long term (as far as the
end of the twenty-first century) taking a large panel of possi-
ble planning options into consideration, such as city greening,
improved insulation, changes in occupants’ behavior, different
forms of urban expansion and the deployment of renewable
energy systems.
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* While photovoltaic (PV) renewable energy production has surged, concerns remain about whether
or not PV power plants induce a “heat island” (PVHI) effect, much like the increase in ambient
temperatures relative to wildlands generates an Urban Heat Island effect in cities. Transitions to PV
plants alter the way that incoming 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 PV4%-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 include: (i) PV installations shade a portion of the ground and therefore could reduce heat
absorption in surface soils'®, (ii) 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, (iii) 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 reflect and absorb upwelling longwave 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
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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 dynamics 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 environment, 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 obtained through rigorous experimental terms.

The significance of a PVHI 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)2*?!. 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. 1 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. Additionally, PV panel surfaces absorb more solar insolation due to a decreased albedo!'>**2%, 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
fluxes due to landscape transformation. Developing a full thermal model 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
2.5m above the soil surface. Average annual temperature was 22.7 +0.5°C in the PV installation, while the nearby
desert ecosystem was only 20.3 4 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 UHI effect in dryland regions, the PVHI effect
delayed the cooling of ambient temperatures in the evening, yielding the most significant difference in overnight
temperatures across all seasons. Annual average midnight temperatures were 19.3 + 0.6 °C in 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 (4-3.5°C) in warm months (Spring and Summer; Fig. 3, right).
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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, should 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 25.54-0.5°C in the PV installation and 23.2 +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 PVHI 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 PVHI effect found here. Environmental
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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 temperatures for four seasonal periods,
illustrating a significant PVHI effect across all seasons, with the greatest influence on ambient temperatures at
night.

conditions that determine patterns of ecosystem carbon, energy, and water 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 to
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 population?*-23, 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 effect 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 larger PV installations*>**, and PVHI-based concerns over potential
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 tradeoffs exist in terms of various means of revegetating
degraded PV installations? Can other albedo modifications be used to moderate the severity of the PVHI?
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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 1km? 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 Park’s Solar Zone.

To fully contextualize these findings in terms 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
environment (a parking lot) and the transformation from a natural system (undeveloped desert) to a 1 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 within a 1 km 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:
888 m 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 Muhlenbergia
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 put in 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-
iation due to sun angle and extremes associated with hot and cold periods. Panels rest on a single-axis tracker
system that pivot 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 Island
(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 to 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 sites 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 PVHI or UHI effects
with seasons of high or low average temperature to examine correlations between background environmental
parameters and localized heat islanding.
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Abstract — Large-scale solar power plants are being built at a
rapid rate, and are setting up to use hundreds of thousands of
acres of land surface. The thermal energy flows to the
environment related to the operation of such facilities have not,
so far, been addressed comprehensively. We are developing
rigorous computational fluid dynamics (CFD) simulation
capabilities for modeling the air velocity, turbulence, and energy
flow fields induced by large solar PV farms to answer questions
pertaining to potential impacts of solar farms on local
microclimate. Using the CFD codes Ansys CFX and Fluent, we
conducted detailed 3-D simulations of a 1 MW section of a solar
farm in North America and compared the results with recorded
wind and temperature field data from the whole solar farm.
Both the field data and the simulations show that the annual
average of air temperatures in the center of PV field can reach up
to 1.9°C above the ambient temperature, and that this thermal
energy completely dissipates to the environment at heights of 5 to
18 m. The data also show a prompt dissipation of thermal energy
with distance from the solar farm, with the air temperatures
approaching (within 0.3°C) the ambient at about 300 m away of
the perimeter of the solar farm. Analysis of 18 months of detailed
data showed that in most days, the solar array was completely
cooled at night, and, thus, it is unlikely that a heat island effect
could occur. Work is in progress to approximate the flow fields
in the solar farm with 2-D simulations and detail the temperature
and wind profiles of the whole utility scale PV plant and the
surrounding region. The results from these simulations can be
extrapolated to assess potential local impacts from a number of
solar farms reflecting various scenarios of large PV penetration
into regional and global grids.

Index Terms — PV, climate change, heat island, fluid dynamics

I. INTRODUCTION

Solar farms in the capacity range of SOMW to 500 MW are
being proliferating in North America and other parts of the
world and those occupy land in the range from 275 to 4000
acres. The environmental impacts from the installation and
operation phases of large solar farms deserve comprehensive
research and understanding. Turney and Fthenakis [1]
investigated 32 categories of impacts from the life-stages of
solar farms and were able to categorize such impacts as either
beneficial or neutral, with the exception of the “local climate”
effects for which they concluded that research and observation
are needed. PV panels convert most of the incident solar
radiation into heat and can alter the air-flow and temperature
profiles near the panels. Such changes, may subsequently
affect the thermal environment of near-by populations of
humans and other species. Nemet [2] investigated the effect on

global climate due to albedo change from widespread
installation of solar panels and found this to be small
compared to benefits from the reduction in greenhouse gas
emissions. However, Nemet did not consider local micro-
climates and his analytical results have not been verified with
any field data. Donovan [3] assumed that the albedo of
ground-mounted PV panels is similar to that of underlying
grassland and, using simple calculations, postulated that the
heat island effect from installing PV on grassy land would be
negligible. Yutaka [4] investigated the potential for large scale
of roof-top PV installations in Tokyo to alter the heat island
effect of the city and found this to be negligible if PV systems
are installed on black roofs.

In our study we aim in comprehensively addressing the
issue by modeling the air and energy flows around a solar
farm and comparing those with measured wind and
temperature data.

II. FIELD DATA DESCRIPTION AND ANALYSIS

Detailed measurements of temperature, wind speed, wind
direction, solar irradiance, relative humidity, and rain fall were
recorded at a large solar farm in North America. Fig. 1 shows
an aerial photograph of the solar farm and the locations where
the field measurements are taken.
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Fig. 1. A picture of the solar farm indicating the locations of the
monitoring stations



The field data are obtained from 17 monitoring stations
within and around the solar farm, including 8 weather stations
(WS) and 9 Hawk stations (HK), all at 2.5 m heights off the
ground. There also 80 module temperature (MT) sensors at the
back-side of the modules close to each of the corresponding
power stations. The WS and MT provide data at 1-min
intervals, while the Hawk provides data every 30 minutes. The
WS and MT data cover a period of one year from October
2010 to September 2011, while the Hawk data cover a period
of 18 months from March 2010 through August 2011.

Hawk stations 3, 6, 7, 8 and 9 are outside the solar farm and
were used as reference points indicating ambient conditions.
The measurements from Hawk 3, 6, 8 and 9 agree very well
confirming that their distances from the perimeter of the solar
farm are sufficient for them to be unaffected by the thermal
mass of the PV system; Hawk 7 shows higher temperatures
likely due to a calibration inaccuracy. In our comparative data
analysis we use Hawk 6 as a reference point and, since the
prevailing winds are from the south, we selected the section
around WS7 as the field for our CFD simulations. Figures 2 to
7 show the difference between the temperatures in Hawk 6
and those in the weather stations WS2 and WS7 within the
field, and Hawks 1, 2, 4 and 5 around the solar field.
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These figures and Table 1 show that with the exception of
Hawk 4, the closer the proximity to solar farm the higher the
temperature difference from the ambient (indicated by Hawk
6). The relative high temperatures recorded at Hawk 4, and
also the relative low temperatures at Hawks 1 and 5 are
explained by the prevailing wind direction, which for the time
period used in our analysis (8/14/2010-3/14/2011) was
Southerly (158°-202°). Hawk 4 is downwind of the solar farm,
whereas Hawks 1 and 5 are upwind; the downwind station
“feels” more the effect of the heat generated at the solar farm
than the ones upwind.

Fig. 8 shows the decline in air temperature as a function of
distance to solar farm perimeter. Distances for WS2 and WS7
are negative since they are located inside the solar farm site.
WS?2 is further into the solar farm and this is reflected in its
higher temperature difference than WS7.

TABLE 1
DIFFERENCE OF AIR TEMPERATURE (@2.5 M HEIGHTS) BETWEEN THE
LISTED WEATHER AND HAWK STATIONS AND THE AMBIENT

Met Station |WS2|WS7 HK1/HK2/HK3|HK4 HKS/HK9

Temp Difference
from H6 (°C)

Distance to solar
farm perimeter (m)

1.87811.468|0.488|1.292(0.292]0.609(0.664|0.289
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Fig. 8. Air temperature difference as a function of distance from the
perimeter of the solar farm. Negative distances indicate locations
within the solar farm.

We also examined in detail the temperature differences
between the modules and the surrounding air. These vary
throughout the year but the module temperatures are
consistently higher than those of the surrounding air during
the day, whereas at night the modules cool to temperatures
below ambient; an example is shown in Fig. 9. Thus, this PV
solar farm did not induce a day-after-day increase in ambient
temperature, and therefore, adverse micro-climate changes
from a potential PV plant are not a concern.
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m off the ground on a sunny day (July 1, 2011)

III. CFD MODEL DEVELOPMENT

In preliminary simulations we tested the Ansys CFX and
FLUENT computational fluid dynamics codes (CFD) and
decided to use FLUENT in detailed simulations. FLUENT
offers several turbulence schemes including multiple
variations of the k-¢ models, as well as k-0 models, and
Reynolds stress turbulence models. We used the standard,
renormalized-group (RNG), and realizable k-g turbulence
closure scheme as it is the most commonly used model in
street canyon flow and thermal stratification studies [5].
FLUENT incorporates the P-1 radiation model which affords
detailed radiation transfer between the solar arrays, the ground
and the ambient air; it also incorporates standard free
convection and wind-forced convection models. Our choice
of solver was the pressure-based algorithm SIMPLE which
uses a relationship between velocity and pressure corrections
to enforce mass conservation and obtain the pressure field. We
conducted both three-dimensional (3-D) and 2-D simulations.

A 3-D model was built of four fields each covering an area
of 93-meters by 73-meters (Fig. 10). Each field contains 23
linear arrays of 73-meter length and 1.8-meter width. Each
array has 180 modules of 10.5% rated efficiency, placed
facing south at a 25-degree angle from horizontal, with their
bottom raised 0.5 m from the ground and their top reaching a
height of 1.3 m . Each array was modeled as a single 73 m

1.8 m 1 cm rectangular. The arrays are spaced 4 meters
apart and the roads between the fields are 8 m. Fig. 10 shows
the simulated temperatures on the arrays at 14:00 pm on
7/1/2011, when the irradiance was 966 W/m®. As shown, the

highest average temperatures occur on the last array (array 46).

Temperature on the front edge (array 1) is lower than in the
center (array 23). Also, temperature on array 24 is lower than
array 23, which is apparently caused by the cooling induced
by the road space between two fields, and the magnitude of
the temperature difference between arrays 24 and 46 is lower
than that between arrays 1 and 23, as higher temperature
differences from the ambient, result in more efficient cooling.

TABLE 11
MODULES TEMPERATURE

Arrays 1 23 24 46
56.4 | 53.1 | 57.8

Temperature °C 46.1

Fig. 10. Module temperatures from 3-D simulations of air flows and

thermal exchange during a sunny day

Our simulations also showed that the air temperatures above
the arrays at a height of 2.5 m ranged from 28.6 to 31.1 ;
the ambient temperature was 28.6  (Fig. 11).

88 kil k] 29 3ﬂ 3 w73 ana 34
(b)
Fig. 11 Air temperatures from 3-D simulations during a sunny day.
a) Air temperatures at a height of 1.5 m; b) air temperatures at a
height of 2.5 m.



TABLE III

AIR TEMPERATURE
Temperature | Ambient (°C) | Low (°C) | High (°C) | Average (°C)
2.5m height 28.6 28.6 31.1 30.1
1.5m height 28.6 28.6 332 30.8

These simulations show a profound cooling effect with
increasing height from the ground. It is shown that the
temperatures on the back surface of solar panels is up to 30°C
warmer than the ambient temperature, but the air above the
arrays is only up to 2.5°C higher than the ambient (i.e.,
31.1°C). Also the road between the fields allows for cooling,
which is more evident at the temperatures 1.5 m off the
ground (Fig. 11a). The simulations show that heat build-up at
the power station in the middle of the fields has a negligible
effect on the temperature flow fields; it was estimated that a
power station adds only about 0.4% to the heat generated by
the corresponding modules.

The 3-D model showed that the temperature and air velocity
fields within each field of the solar farm were symmetrical
along the cross-wind axis; therefore a 2-D model of the
downwind and the vertical dimensions was deemed to be
sufficiently accurate. A 2-D model reduced the computational
requirements and allowed for running simulations for several
subsequent days using actual 30-min solar irradiance and wind
input data. We tested the numerical results for three layers of
different mesh sizes and determined that the following mesh
sizes retain sufficient detail for an accurate representation of
the field data: a) Top layer: 2m by 1m, b) Middle layer: 1.5m
by 0.6m, ¢) Bottom layer: Im by 0.4m. According to these
mesh specifications, a simulation of 92 arrays (length of 388m,
height 9m), required a total of 13600 cells. Figures 12-15
show comparisons of the modeled and measured module and
air temperatures.
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Figures 16a and 16b show the air temperature as a function
of height at different downwind distances in the morning and
afternoon during a sunny summer day. At 9 am (irradiance
500 W/m2, wind speed 1.6 m/s, inlet ambient temperature
23.7°C), the heat from the solar array is dissipated at heights of
5-15m, whereas at 2 pm (irradiance 966 W/m?, wind speed
2.8m/s, inlet ambient temperature 28.6°C , the temperature of
the panels has reached the daily peak, and the thermal energy
takes up to 18 m to dissipate.
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IV. CONCLUSION

The field data and our simulations show that the annual
average of air temperatures at 2.5 m of the ground in the
center of simulated solar farm section is 1.9  higher than the

ambient and that it declines to the ambient temperature at 5 to
18 m heights. The field data also show a clear decline of air
temperatures as a function of distance from the perimeter of
the solar farm, with the temperatures approaching the ambient
temperature (within 0.3 ), at about 300 m away. Analysis of
18 months of detailed data showed that in most days, the solar
array was completely cooled at night, and, thus, it is unlikely
that a heat island effect could occur.

Our simulations also show that the access roads between
solar fields allow for substantial cooling, and therefore,
increase of the size of the solar farm may not affect the
temperature of the surroundings. Simulations of large (e.g., 1
million m?) solar fields are needed to test this hypothesis.
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1. General Information — Construction and Operation

The purpose of this plan is to discuss the procedures that will be implemented in the event of an
emergency during the construction of the Spotsylvania Solar Energy Center.

1.1 Project Description

sPower is proposing to construct a 500 megawatt-AC photovoltaic (PV) single-axis tracker system. The
final Project consists of three non-contiguous project sites (Site A, B, and C) that total approximately
6,350 acres, of which approximately 3,500 acres will be developed for the Project. The remaining 2,850
acres will be set aside as open space in Spotsylvania and Orange Counties, Virginia. It is located
between Orange Plank Road on the north and W. Catharpin Road on the south. The approximate center
of the site is located approximately 3.35 miles east of Mine Run, Virginia in Spotsylvania County,
Virginia.

The Project’s primary components include PV modules mounted on a single axis tracking system and
solar inverters. The racking system foundations will utilize driven posts that would not require concrete.
Other Project components include electrical cables, conduit, electrical cabinets, switchgears, step-up
transformers, inverters, SCADA systems and metering equipment. The solar facility would be fenced and
seeded in a low growth seed mix to reduce storm water runoff and erosion. See Appendix 1:

1.2 Project Team
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Mortenson has the Engineering, Procurement, and Construction contract for the Spotsylvania Solar
Energy Center. The Mortenson project team will consist of:

Table 1: Project Team Contact Info

Project Manager TBD Phone number email (TBD)
(TBD)

Superintendent TBD Phone number email (TBD)
(TBD)

Engineering and Permitting Phone number .

Manager TBD (TBD) email (TBD)

1.3 Site Access
1.3.1 Site Address

Spotsylvania Solar Energy Center is in Spotsylvania County, VA. The address for the project is has not
been established yet. The center of the project is located at latitude and longitude 38.24344° N and
77.77514°

1.3.2 Site Driveways

The Project is anticipated to have several site access locations, as the Project Site is not entirely
accessible from a single site access location due to wetlands, streams, and topographical constraints.
Primary access for Site A will be provided via Orange Plank Road (State Route 621) on the north and
West Catharpin Road on the south; primary access for Site B will be provided via Post Oak Road (State
Route 606) on the north; and primary access for Site C will be provided via West Catharpin Road on the
north and Post Oak Road (State Route 606) and Chewing Place on the south. Site access locations will be
improved and maintained to accommodate Spotsylvania County Fire, Rescue, and Emergency Services.
Each access will be a 20-foot wide driveway with a 20-foot wide locked security gate. The security gate
would be locked with a punch code key lock box, which would be dispatched to EMS services in the
event of an emergency. This will be installed during construction and will remain for operation. Refer to
section 4.4.1 Internal Site Access Roads and Driveways for internal road and driveway specifications.

2 Site Specific Safety Plan
A Site Specific Safety Plan is included as Appendix 3
3 Crisis Management

Refer to the Spotsylvania Solar Energy Center Crisis Management Plan in Appendix 2 for site specific
information regarding who to contact in the event of an emergency.

3.1 Emergency Services Authority

The project’s onsite superintendent will be responsible for overseeing emergency services compliance.
His duties will include ensuring that the measures in this plan are complied with, any and all agencies are
properly notified in the event notification is required, and that all required plans and reports are
prepared and submitted in a timely manner.
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The Mortenson project superintendent will be the emergency point of contact for the Spotsylvania Solar
Energy Center. The superintendent’s contact information is as follows:

TBD
Cell:
Office:
Email:

The Safety Manager will be responsible for project safety during all construction activities. Along with
the superintendent, the Safety Manager will ensure that the measures in this plan are complied with,
any and all agencies are properly notified in the event notification is required, and that all required plans
and reports are prepared and submitted in a timely manner. The Safety Manager shall arrange and
assign a backup in the event of their absence.

The Safety Manager point of contact is as follow:

TBD

Cell:

Office:
Email:

The point of contact over seeing electrical work is as follow:

TBD: The current position is being interviewed for and will be able to provide qualifications upon the
County’s request.

The point of contact over seeing mechanical work is as follow:

TBD: The current position is being interviewed for and will be able to provide qualifications upon the
County’s request.

The point of contact over seeing excavation work is as follow:

TBD: The current position is being interviewed for and will be able to provide qualifications upon the
County’s request.

Emergency Response Contact(s):

Available Distance
Medical Facility Address Phone Number . from Project
Services .
Site
Spot§ylvania Regional | 4600 Spotsylvania Parkway (540) 498-4000 Emergency 13 r.niles east
Medical Center Fredericksburg, VA 22408 Services of Site A
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Fredericksburg
Medical Center

1201 Hospital Drive

(540) 368-3700

Urgent Care

13 miles
northeast of

(Kaiser Permanente) Fredericksburg, VA 22401 Services Site A
Mary Washington 1001 Sam Perry Boulevard Emergency 13.23 miles
Hospital Fredericksburg, VA 22401 (540) 741-1100 Services northeast of

Site A

County Fire and
Rescue Station

Address

Phone Number

Distance from
Project Site

Fire Company/Rescue
Station 7
(Wilderness)

10501 Orange Plank Road,
Spotsylvania, VA 22553

Fire: (504) 507-7970/7971
Rescue: (540) 507-7952/7953

3.30 miles
northeast of
Site A

Fire Company/Rescue
Station 9
(Belmont)

7100 Belmont Road,
Mineral, VA 23117

Fire: (540) 507-7974/7975
Rescue: (540) 507-7956/7957

4.30 miles
southwest of
Site B

Fire Company/Rescue
Station 2
(Brokenburg)

11700/11701 Volunteer
Lane, Spotsylvania, VA
22553

(540) 507-7942/7943

5.75 miles
southeast of
Site C

Fire Company/Rescue
Station 5
(Chancellor)

6204 Plank Road,
Fredericksburg, VA 22407

Fire: (540) 507-7966/7967
Rescue: (540) 507-7948/7949

6.55 miles
northeast of
Site A

Local Police and

Distance from

Fredericksburg Police
Department

2200 Cowan Blvd,
Fredericksburg, VA 22401

(540) 373-3122

Sheriff Station LIS AL i 23 Project Site
9119 Dean Ridings Ln, 10 miles east
Spotsylvania Sheriff Spotsylvania Courthouse, (540) 507-7200 of Site A
VA 22553
Orange County 11350 Porter Rd, Orange, 15.4 miles
Sheriff's Office VA 22960 (540) 672-1200 west of Site C
18.9 miles

northeast of
Site A

Spotsylvania Animal
Control

450 Tv Dr,
Fredericksburg, VA 22408

(540) 582-7115

12 miles east
of Site A

3.2 Communication and Training Procedures

All employees and subcontractors will receive safety training before they begin work onsite. This
training will include pertinent information regarding hazardous material management and fire
prevention. The project’s superintendent will be responsible for ensuring that all personnel receive this

training.

sPower will provide site specific training to County Fire that outlines construction and operation activity,
a solar facility overview (location, ingress/egress, equipment, site operation), best practices in
responding to emergencies at the facility, and thorough review of construction and operation
emergency response plans. County Fire will receive maps of roads and facilities to access to the site with
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description locations. These maps will be incorporated into training materials to ensure that County Fire
and EMS providers understand how and where to access emergency situations at the Project Site.
sPower will host three separate training sessions with county FREM personnel spread out over the
course of several months to allow for maximum participation. If, after the three sessions there are still
FREM personnel who were unable to attend previous trainings, sPower will coordinate with County staff
and FREM to schedule additional meetings

Communication will be available at all office trailers or a wireless amplifier will be installed for safety
communication at job site trailers. Construction staff will be provided with adequate communication on
site including radios to team leaders that are in constant communication with staff. Since cell phone
service is limited at the project site, repeaters or cell phone boosters may be installed to enhance cell
phone coverage across the site.

4 Fire Prevention
4.1 Purpose & Need for Fire Prevention Plan (FPP)

e Eliminate the potential risks and/or causes of fires

e Prevent loss of life and property by fire

e Educate employees to promote a safe environment

e Be prepared should a fire occur

e Qutline a procedure to follow for the safety of the individuals on site at the time of the
occurrence

e Identify risk factors and hazards

e Set up proper storage procedures, training, and identification of personnel responsible for
maintaining and servicing the equipment and systems on site that are used to prevent and/or
control a fire.

4.2 Responsibilities and Procedures

Safety is everyone’s responsibility on site. All employees are to be trained and should know how to
prevent and respond to a fire emergency. All employees must:

Complete an on-site training program identifying the fire risks for the project site

Know the protocol and follow emergency procedures should an event occur

Review and report potential fire hazards to the Superintendent

4.2.1 Understanding Conditions Associated with Photovoltaic Solar Arrays

Photovoltaic (PV) solar arrays present a unique challenge for fire fighters. Unlike a typical electrical or
gas utility, a PV array does not have a single point of disconnect. Whereas there are disconnects that
will de-energize select parts of the system, as long as the PV panels are illuminated, the individual
strings of PV panels are energized and capable of producing up to 1,500 volts. This is not just limited to
PV panels being illuminated by the sun; illumination by artificial light sources, such as fire department
lights, or the light for the fire itself are capable of producing electrical power sufficient to cause a lock-
on hazard (Source: UL Firefighter Safety and Photovoltaic Installations Research Project, November 29,
2011). Below is a summary of the hazards associated with firefighting activities in photovoltaic solar
arrays:
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Shock hazard due to the presence of water and PV power during suppression activities
Outdoor rated electrical enclosures may not resist water intrusion from the high-pressure
stream of a fire hose.

PV panels damaged in the fire may not resist water intrusion.

Damaged conductors may not resist water intrusion

Shock hazard due to direct contact with energized components

No means of complete electrical disconnect.

Due to the dangers presented above, it is not typical to practice fire suppression by means of water
inundation within solar PV arrays.

4.2.2

Small Stage Fires

Small stage fires are small fires that are in the beginning stage and can be controlled with a fire
extinguisher. An example would be a small trash can fire. In the event of a small stage fire at the project:

1.

4.2.3

The person discovering the fire should immediately dispatch someone to activate the Incident
Command Team.

All non-essential personnel should be removed from the hazard area.

All on-site vehicles are required to carry fire extinguishers. Fire extinguishment with a fire
extinguisher or other means should be attempted if the person has been trained in the use of
fire extinguishers and can do so without placing themselves in danger.

The Safety Manager or his designee will respond to the scene and determine if external
resources or an evacuation are necessary. In the event of an evacuation, they will
recruit/dispatch employees to assist with the evacuation and, have the Superintendent issue the
following statement over the radio: “Attention, there is a fire emergency at (location name).
Please evacuate (the affected area) and report to (designated meeting area).

Fire department shall be notified of incident including the nearest access point and location of
fire. A site safety employee shall meet EMS services and escort the EMS response team to the
incident. In the event EMS services do not respond at a single time, additional personnel shall be
appointed to meet remaining EMS services at the access gate and escort them to the fire
location.

Designated meeting areas shall be established at all primary site entrances. EMS services shall
be notified of designated meeting area during small stage fires.

At this point, all employees in the affected area will stop work immediately, take steps to safely
shut down equipment, exit the evacuation area, and report to the designated meeting area.

The Safety Manager will then take steps to ensure that no employee re-enters the evacuated
area until the Fire Department arrives and assumes command.

The Safety Manager will issue an “All Clear” only when the Fire Department informs them that it
is safe to do so.

Large Stage Fires

In the event of a large stage fire at the project:
The person discovering the fire should immediately contact the Safety Manager or Superintendent.

1.
2.

Call 911 to report the fire.
Fire department shall be notified of incident including the nearest access point and location of
fire. A site safety employee shall meet EMS services and escort the EMS response team to the
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4.3

incident. In the event EMS services do not respond at a single time, additional personnel shall be
appointed to meet remaining EMS services at the access gate and escort them to the fire
location.

All personnel should be removed from the immediate danger area in anticipation of an
evacuation.

Designated meeting areas shall be established at all primary site entrances. EMS services shall
be notified of designated meeting area during large stage fires. The Safety Manager will respond
to the scene and ensure that the fire department has been dispatched. Spotsylvania County Fire,
Rescue and Emergency Management will be responding to 911 calls during construction and
after construction has completed. They will then determine evacuation needs, recruit/dispatch
employees to assist with the evacuation and, have the Superintendent issue the following
statement over the radio: “Attention, there is a fire emergency at (location name). Please
evacuate (the affected area) and report to (designated meeting area).

At this point, all employees in the affected area will stop work immediately, take steps to safely
shut down equipment, exit the evacuation area, and report to the designated meeting area.

In this scenario, fire extinguishers are to be used for escape purposes only.

The Safety Manager will take the necessary steps to ensure that no employee re-enters the
evacuated area until the Fire Department arrives and assumes command.

No employee is required or permitted to place themselves in harm’s way in order to facilitate
extinguishment, evacuation, or rescue. All rescue operations will be performed by trained
professionals upon their arrival.

The Safety Manager will issue an “All Clear” only when the Fire Department informs them that it
is safe to do so.

Vegetation Fire and Procedures

The site will be largely free of combustible vegetation with only a ground cover of maintained
vegetation adjacent and beneath the solar tracker (Figure 1). Flying embers from off-site fire may
inundate the Project area during fire events. The modified fuel areas and construction type and
materials for all project features will resist ignition from ember showers. Ignition of the ground cover
could result in a fast moving, but lower intensity fire that burn in a patchy manner on the site beneath
the modules. The vegetation on the Gen-tie line right-of-way will be cleared around poles and access
roads, where not prohibited by environmental constraints. This type of fire would be relatively short-
duration as vegetative fuels are consumed rapidly. There would not be a sustained source of heat and or
flame as there would be with surrounding wild fires.
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Figure 1: Typical Ground Cover Under Solar Arrays

In the event of a vegetation fire under or near the modules or inverters:

DO NOT attempt to extinguish the flames with water or other chemicals as an electric shock or
arc could occur.

If possible, safely attempt to shut down power at the inverter using the DC disconnect

Let the fire burn vegetation and self-extinguish

If flames continue away from modules or inverters, attempt to extinguish flames.

4.4

441

Fire Department Access

Internal Site Access Roads and Driveways

The internal site access roads will consist of compacted gravel roads. These access roads will be located
to provide access to each of the sites Photovoltaic Module Inverter Station (a.k.a. power conversion
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stations). This is the location where the solar inverters and step up transformers will be located. Access
roads located throughout the arrays are a minimum 12 feet wide and provide 50-feet turning radius and
standard hammer-head turnarounds at inverter locations. These internal access roads are provided
primarily for use by operations and maintenance personnel vehicles. All internal roads and crossings will
be permanent and designed (at a minimum) to FAST Act standards, for EV2 and EV3 class vehicles, with
a rating as defined as H-20 per the VDOT IIM-S&B-86.1 guidance document.

4.4.2 Access Aisles

From the internal access roads, access to all areas within the solar arrays is provided by access aisles.
Access aisles are the clear spaces located between the individual rows of solar panels. Access aisles
consist of unimproved native material and are not suitable for all emergency services vehicles.
However, access aisles do provide emergency responders with access routes to all areas of the site via
walking from a nearby access road or by the use of 4x4 vehicles.

4.5 Controlling Hazards & Prevention Practices

For a FPP to be effective, fire hazards need to be identified and controlled. Employees need to be
educated on fire hazards associated with a PV power plant and what procedures to follow to prevent
and control fire hazards. Employees need to know how to respond to the fires those hazards might
cause.

4.6 Welding & Open Flame/Hot Work

Cutting, welding, and open flame work are naturally hazardous. Welding processes may use oxy-
acetylene gas, electrical current, electron beams, and heat from fuel gas. It is critical that the highest
level of attention be given to these activities to prevent fires at a PV power plant.

e Cutting and welding are to be done by authorized personnel.

e Torches, regulators, pressure-reducing valves and manifold are to be UL listed or FM approved.

e Welders are to wear eye protection and protective clothing as appropriate.

e Oxygen-fuel gas systems are to be equipped with listed and or approved backflow valves and

pressure-relief devices.
e Prior to open flame or hot work activity, a Fire Watch Person shall be established.

Establish a Fire Watch Person when prior to welding, open flame or hot work activity.
Fire extinguishers shall be present at all times during welding and open flame/hot work.

4.7 Burning

sPower will comply with the State of Virginia Regulation for Open Burning (9 VAC 5 -130) and the
Spotsylvania County Code of Ordinances Chapter 9 - Article IV - Open Air Burning. sPower and its
contractor shall mulch stumps, tree limbs and other woody debris where possible for use as erosion
control BMPs. In the event material cannot be mulched or used on the Project Site, special incineration
devices (i.e. open pit incinerators) that provide good and clean combustion performance shall be
permitted, but at no time closer than 2,000 feet from any residence.

Page | 10



An AirBurner 2018 Model T-300 Trench Burner, or similar technology, will be deployed in designated
areas during initial grading of the Project site. The following protocols will be implemented when trench
burning occurs:

e A permit shall be acquired from Spotsylvania County.

e All combustible materials shall be removed within 35 feet of trench burning.

e A water truck shall be on standby.

e Trench burning shall not occur within 2,000 feet of any residence.

e Trench burners shall be equipped with fire extinguishers.

e Check wind forecasts for the day and do not burn on high wind days (sustained winds more than
25 mph) or when prohibited by Spotsylvania County Fire Department.

e Burning shall take into consideration sensitive receptors and prevailing wind direction at lower
speeds (<25 mph).Burning shall cease 2 hours prior to end of work day.

e Employees that operate trench burners will be issued a hot work permit.

e Each trench burning shall be staffed by a minimum of 2 employees.

e A Fire Watch Person will be designated to monitor all trench burning activities.

e The Fire Watch Person shall remain within the immediate area of the trench burning at all times
and shall not be assigned any other duties.

e The Fire Watch Person shall complete a “Hot Work Checklist” each day trench burning occurs.

e If the burn area is still producing smoke, it is technically stull burning and must be attended.

Trenches will be dug to depths indicated by the trench burner’s technological specs or Fire Marshall
guidance, in order to limit exposure to wind and gusts. A blowing machine is utilized to pump air into the
trench, increasing the fire temperature, and thus burning the material quickly and efficiently. This
eliminates excess smoke and embers.

4.8 Class A Combustibles

These combustibles consist of common materials (wood, paper, cloth, rubber, and plastic) that can act
as fuel and are found on most work sites.
To handle Class A combustibles safely to prevent fires:

e Dispose of waste daily (i.e. cardboard, wood pallets, packing materials etc.).

e No burning of these construction materials shall occur.

e Use trash receptacles with covers.

e Keep work areas clean and free of combustible materials.

e Store materials in the proper storage and recycling containers.

e Do a periodic check of the job site to make sure combustibles are being handled correctly.

e Water, multi-purpose dry chemical (ABC) and halon are approved fire extinguishing agents for

Class-A Combustibles.

4.9 Class B Combustibles

These combustibles include flammable and combustible liquids (oil, grease, tar, oil-based paints and
lacquers) flammable gases, and flammable aerosols.
To handle Class B combustibles safely to prevent fires:
e Use only approved pumps (with suction from the top) to dispense liquids from tanks, drums,
barrels, or similar containers (or use approved self-closing valves or faucets).
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e Do not dispense Class B flammable liquids into a container unless the nozzle and container are
electrically interconnected by contact or bonding wire. Either the tank or container must be
grounded.

e Store, handle, and use Class B combustibles only in approved locations where vapors are
prevented from reaching ignition sources such as heating or electric equipment, open flames, or
mechanical or electric sparks.

e Do not use a flammable liquid as a cleaning agent inside a building (the only exceptionisin a
closed machine approved for cleaning with flammable liquids).

e Do not use, handle, or store Class B combustibles near exits, stairs, or any other areas normally
used as exits.

e Do not weld, cut, grind, or use unsafe electrical appliances or equipment near Class B
combustibles.

e Do not generate heat, allow an open flame, or smoke near Class B combustibles.

Know the location of and how to use the nearest portable fire extinguisher rated for Class B fire.

Water should not be used to extinguish Class B fires caused by flammable liquids, as it can cause the
burning liquid to spread, making the fire worse. To extinguish a fire caused by flammable liquids,
exclude the air around the burning liquid. The following fire extinguishing agents are approved for Class
B combustibles: carbon dioxide, multi-purpose dry chemical (ABC), halon 1301 and halon 1211. (Halon
is no longer being manufactured due to its designation as an ozone-depleting substance).

4,10 Class C Combustibles

Class C fires are fires that involve energized electrical equipment. In the event of a Class C fire, ALWAYS
de-energize the circuit supplying the fire, and then use a non-conductive extinguishing agent such as
carbon dioxide or Halon 1211. A multi-purpose dry chemical (ABC) extinguisher can also be used on
Class C fires.

Do not use water, foam or other conducive agents when fighting electrical fires. Once the electricity is
shut down to the equipment involved, the fire generally becomes a standard combustible fire.

4.11 Electrical Fire Hazards

Electrical equipment is a major cause of workplace fires and may result from loose ground connections,
wiring with bad insulation, or overloaded fuses, circuits, motors or outlets.
To prevent electrical fires, the following measures will be taken:

e Use only appropriately rated fuses per manufacture’s specifications.

o Check all electrical equipment to ensure it is properly grounded and insulated.

e Ensure adequate spacing while performing maintenance.

e Check wiring to ensure no damage to cables or connections.

4.12  Employee Training & Education
Job site fire rules are to be posted on the project the bulletin board along with the OSHA compliance
postings, first aid, and site specific project information. The bulletin board is to be located at the

contractor’s field office and accessible to all employees.

Personnel shall be trained in the practices of the fire safety plan relevant to their duties. Construction
and maintenance personnel shall be trained and equipped to extinguish small fires to prevent them
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from growing into more serious threats. Confirm all employees understand the function and elements
of the fire safety plan, including types of potential emergencies, reporting procedures, evacuation plans,
and shutdown procedures. Review any special hazards that might occur at the Spotsylvania Solar Energy
Center, such as flammable materials, fuel storage, toxic chemicals, and water reactive substances.

Fire safety training will occur during the site safety training. Every employee must take this training
before starting work. Training to include:

e Employee roles and responsibilities.

e Recognition of potential fire hazards.

e Alarm system and evacuation routes.

e location and operation of manually operated equipment (fire extinguishers).

e Emergency response procedures.

e Emergency shutdown procedures.

e Information regarding specific materials to which employees may be exposed.

e Review OSHA requirements contained in 29 CFR 19010.38, Emergency Action Plans.

e Review OSHA requirements contained in 29 CFR 1910.39, Fire Prevention Plans.

o The location of the company FPP and how it can be accessed.

e Good fire-prevention housekeeping practices and equipment maintenance.
The Mortenson site safety person, as well as the Superintendents and Foreman, are responsible for fire
safety training. Written documentation of the training received by each employee must be maintained.

4.13  Use of Portable Fire Extinguishers

A minimum of one portable fire extinguisher should be provided within 200 feet of anywhere in the
work area during construction.

e Fire extinguishers should be inspected monthly.

e Fire extinguishers should not be obstructed and should be in conspicuous locations.

4.14  Site Maintenance & Housekeeping

e Combustible material should not be stored in mechanical rooms, electrical equipment rooms or
the SCADA buildings.

e Qutside dumpsters should be kept at least 5 feet away from combustible materials and the lid
should be kept closed.

e Storage is not allowed in electrical equipment rooms, or near electrical panels.

e Electrical panel openings must be covered.

e Power strips must be plugged directly into an outlet and NOT daisy-chained and should be for
temporary use only.

e Extension cords and flexible cords should not be substituted for permanent.

4.15 Equipment Fire Safety

e Allinternal combustion engines, both stationary and mobile, shall be equipped with spark
arresters. Spark arresters shall be in good working order.

e Light trucks and cars with factory-installed (type) mufflers shall be used only on roads where the
roadway is cleared of vegetation. These vehicle types shall maintain their factory-installed (type)
mufflers in good condition.
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e Equipment parking areas and small stationary engine sites shall be cleared of all extraneous
flammable materials.

e The project proponent shall make an effort to restrict the use of chainsaws, chippers, vegetation
masticators, grinders, drill rigs, tractors, and torches to periods outside of the official fire
season. When the above tools are used, water tanks equipped with hoses, fire rakes, and axes
shall be easily accessible to personnel.

e All team supervisors and health and safety officials will have AED and first aid kits in vehicles.

4,16  Emergency Response

Project personnel will meet with local emergency response groups to review the Fire Safety Plan, discuss
the type of work taking place, duration of project schedule and emergency procedures.
The following course of action should be taken if an emergency develops:

e Evacuation procedures and assembly are contained in the Evacuation plan, which will be posted
in all office trailers. Maintain site security and control.

o Notify proper emergency services for assistance. Dial 911 or direct-dial emergency contact
numbers if possible. Emergency numbers shall be posted at each office trailer.

e Notify Site Safety Manager and all affected personnel at the site through use of site radio or
other communication devices.

e Once emergency personnel have been notified, an employee will then be designated to meet
the emergency personnel at the point of ingress and then guide them to incident location. If
emergency personnel come at different times, a secondary person will meet the subsequent
crews at the ingress point.

e Only after emergency is declared over by the Site Safety Manager can all other radio
communication resume.

e Prepare a summary of the incident as soon as possible and no later than 24 hours after the
incident.

This FPP is in addition to Mortenson’s standard Safety protocol and is to be a part of daily tool box
topics, reviewed regularly, and included in general safety meetings and review with Safety Manager and
on site personal.

5 Severe Weather

5.1. Severe Thunderstorm and Tornado Warnings

A severe thunderstorm or tornado warning is an urgent announcement that a severe thunderstorm or
Tornado has been reported or is imminent in the area and will warn individuals to take cover. Local
National Weather Service office issue severe thunderstorm or tornado warnings.

Notification systems for adverse weather, which may include NOAA radio, AM/FM radio, lightning
detectors, wind speed indicators, will be maintained at the project Operations and Maintenance (O&M)

building and/or MET stations throughout the project site.

In addition, weather will be monitored utilizing http://www.nws.noaa.gov/

5.1.1. Thunderstorms
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Upon hearing the sound of thunder, personnel are close enough to a storm to be struck by lightning.
Employees will be instructed to go to a designated safe shelter immediately.
In addition:

5.1.2

Crane activities will be shut down.

Workers will be removed from elevated areas.

If no shelter is nearby, workers will be instructed to get in a vehicle and keep the windows up.
If indoors, unnecessary appliances will be unplugged and phone use will be strictly for
emergencies.

If personnel are caught outside and no shelter is available, they will be instructed as follows:
Find a low spot away from trees, fences, and poles.

Squat low to the ground on the balls of your feet, place your hands on your knees with your
head between them, make yourself the smallest target possible and minimize your contact with
the ground.

Tornados

Upon the issuance of a tornado warning, employees will evacuate the job site and report to the pre-
designated shelter area, to be determined prior to employee arrival. In the event employees are outside
and unable to evacuate to the shelter, the following procedure will be followed:

5.2

Lie flat in a nearby ditch or depression, covering the head with the hands. Be aware of the
potential for flooding.

Employees are safest in a low, flat location and will be instructed to not get under an overpass
or bridge.

Employees will be instructed to never try to outrun a tornado in congested areas in a vehicle. It
is safest to leave the vehicle for safe shelter.

Employees will be instructed to watch out for flying debris.

Floods

It’s important to be careful when driving during flood conditions. Nearly half of flood fatalities are
vehicle-related. Six inches of standing water is enough to stall some cars, a foot of water can float a
vehicle, and two feet of moving water is enough to sweep a car away. If the water level is rising around
your vehicle, you should abandon the vehicle. Be wary of unknown road conditions. Do not try to cross
flooded roadways if you do not know the depth of the water.

Determine whether your home or work place is in a predetermined flood plain. Stay informed about and
know flood terminology:

5.21

Flood Watch—Flooding is possible. Stay tuned to radio or TV for more information.

Flash Flood Watch—Flash flooding is possible. Stay tuned to radio or TV for more information.
Be prepared to move to higher ground.

Flood Warning—Flooding is currently occurring or will occur soon. Listen for further instructions.
If told to evacuate, do so immediately.

Flash Flood Warning—Flash flooding is currently occurring or will occur soon. Seek higher
ground on foot immediately.

Chemical and biological hazards
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Liquefied Petroleum Gases (LPG) and underground storage tanks, along with other chemical containers,
may break away and float downstream, causing hazards from their released contents. Floodwaters may
also contain biohazards due to direct contamination by untreated raw sewage, dead animals, rotting
food, etc. Avoiding contact, good personal hygiene practices, medical surveillance, and discarding all
food that comes in contact with flood waters are all important controls.

5.2.2 Fire

Floods can damage fire protection systems, delay response times of emergency responders and disrupt
water distribution systems. All of these factors lead to increased dangers from fire and decreasing
firefighter capabilities.

5.2.3 Drowning

Anytime workers are exposed to moving water, their chances for accidental drowning increases. Even
good swimmers are easily overcome by swift-moving water.

5.2.4 Hypothermia

Hypothermia is a condition brought on when the body temperature drops to less than 95°F. Standing or
working in water that is cooler than 75°F will remove body heat more rapidly than it can be replaced,
resulting in hypothermia. Symptoms of hypothermia include uncontrollable shivering, slow speech,
memory lapses, frequent stumbling, drowsiness, and exhaustion.

6. Hazardous Materials
6.1 Hazardous Materials on Site

Mortenson does not anticipate utilizing many hazardous materials for the construction of the
Spotsylvania Solar Energy Center. One (1) 1000-gallon temporary diesel fuel tank and Two (2) 250-gallon
temporary gasoline tanks are the only anticipated hazardous materials to be stored on site during
construction.

6.1.1 Container Management:

e All hazardous substance containers must be in good condition and compatible with the
materials stored within.

e All hazardous substance containers must be accessible and spacing between containers must
provide sufficient access to perform periodic inspections and respond to releases.

e Fuel stored on site shall have secondary containment and must be located greater than 250 feet
from wetlands and RPA zones.

e Jersey barriers will be placed around fuel tanks where applicable for additional security.

e All fueling shall occur greater than 250 feet from wetlands and RPA zones.

e Empty hazardous substance containers (drums) must have all markers and labels removed and
the container marked with the word “empty”.

e Any spills on the exterior of the container must be cleaned immediately.
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e Flammable materials stored or dispensed from drums or totes must be grounded to prevent
static spark.
e Do not overfill waste drums. 4” of headspace must remain to allow for expansion.

6.1.2 Good Housekeeping:

e All hazardous substances must be stored inside buildings or under cover.

e Store hazardous substances not used daily in cabinets, or in designated areas.

e All chemicals that are transferred from larger to smaller containers must be transferred by use
of a funnel or spigot.

e All hazardous substance containers should be closed while not in use.

e Use drip pans or other collection devices to contain drips or leaks from dispensing containers or
equipment.

e Implement preventative maintenance activities to reduce the potential for release from
equipment.

o Immediately clean up and properly manage all small spills or leaks.

e Periodically inspect equipment and hazardous substance storage areas to ensure leaks or spills
are not occurring.

e Use signage to identify hazardous substance storage or waste collection areas;

e Keep all work areas and hazardous substance storage areas clean and in good general condition.

o Verify weekly that spill control clean-up materials are located near material storage, unloading,
and use areas.

o Update spill prevention and control plans and stock appropriate clean-up materials whenever
changes occur in the types of chemicals used or stored onsite.

6.1.3 Secondary Containment:

Store all bulk chemicals (>55 gallons) within appropriate secondary containment, or any sized chemical if
there is a potential for release to the environment.

Secondary containment should be checked periodically, and any spills identified in secondary
containment must be immediately cleaned up and removed.

6.1.4 Marking/Labeling:
Ensure all hazardous substances, including chemical wastes, are properly marked and labeled in
accordance with all federal, state and local regulations.

Ensure that hazardous substances transferred to small containers are marked with the chemicals name
(example- “Isopropyl Alcohol”) and hazard (example- “Flammable”).

6.2 Spill Response Plan
All spills shall be immediately addressed and reported to the appropriate agencies. In the unlikely event

of a hazardous materials spill into an Resource Protection Area (RPA), wetland, or stream, Spotsylvania
County EMS and the Zoning Department shall be notified immediately.
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6.2.1

Minor Spills

Minor spills typically involve small quantities of oil, gasoline, paint, etc., which can be controlled by the
first responder at the discovery of the spill. Below are the steps that should be taken to control minor

spills:

6.2.2

Use absorbent materials on small spills rather than hosing down or burying the spill.
Remove the absorbent materials promptly and dispose of properly.

The practice commonly followed for a minor spill is:

Contain the spread of the spill.

Recover spilled materials.

Clean the contaminated area and/or properly dispose of contaminated materials.

Semi-Significant Spills

Semi-significant spills still can be controlled by the first responder along with the aid of other personnel
such as laborers and the foreman, etc. This response may require the cessation of all other activities.
Below are the steps that should be taken to control semi-significant spills:

6.2.3

Clean up spills immediately.

Notify the project foreman immediately. The foreman shall notify the Engineer.

Contain spread of the spill.

If the spill occurs on paved or impermeable surfaces, clean up using "dry" methods (absorbent
materials, cat litter and/or rags). Contain the spill by encircling with absorbent materials and do
not let the spill spread widely.

If the spill occurs in dirt areas, immediately contain the spill by constructing an earthen dike. Dig
up and properly dispose of contaminated soil.

If the spill occurs during rain, cover spill with tarps or other material to prevent contaminating
runoff.

Significant/Hazardous Spills

For significant or hazardous spills that cannot be controlled by personnel in the immediate vicinity, the
following steps shall be taken:

Notify the Engineer immediately and follow up with a written report.

Notify the local emergency response by dialing 911. In addition to 911, the contractor will notify
the proper county officials. It is the contractor's responsibility to have all emergency phone
numbers at the construction site.

For spills of federal reportable quantities, in conformance with the requirements in 40 CFR parts
110,119, and 302, the contractor shall notify the National Response Center at (800) 424-8802.
Notification shall first be made by telephone and followed up with a written report.

The services of a spills contractor or a Haz-Mat team shall be obtained immediately.
Construction personnel shall not attempt to clean up the spill until the appropriate and qualified
staff has arrived at the job site.

Other agencies which may need to be consulted include, but are not limited to, the Fire Department, the
Public Works Department, the Coast Guard, the Highway Patrol, the City/County Police Department,
Department of Toxic Substances, OSHA, RWQCB, etc.
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6.3 Education

Education regarding hazardous materials shall be conducted as part of the Mortenson site safety
training for both new employees and as a refresher for existing employees transferring onto this project.
The training shall:
e Educate employees and subcontractors on what a "significant spill" is for each material they use,
and what is the appropriate response for "significant" and "insignificant" spills.
e Educate employees and subcontractors on potential dangers to humans and the environment
from spills and leaks.
e Hold regular meetings to discuss and reinforce appropriate disposal procedures (incorporate
into regular safety meetings).
e Establish a continuing education program to indoctrinate new employees.
The Contractor’s Water Pollution Control Manager (WPCM) shall oversee and enforce proper spill
prevention and control measures. The Mortenson superintendent will be the WPCM for this project.

6.4 Maintenance and Inspection
Hazardous material maintenance and inspection shall consist of the following:
Verify weekly that spill control clean-up materials are located near material storage, unloading, and use

areas.

Update spill prevention and control plans and stock appropriate clean-up materials whenever changes
occur in the types of chemicals used or stored onsite.
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1.0

INTRODUCTION

The purpose of the Emergency Response Plan is to establish responsibility and guidelines for
taking action in the event of an emergency occurring at the Spotsylvania Solar Energy Center
(Project) Site during operation of the Project. The Emergency Response Plan emphasizes sPower’s
dedication to providing a safe and healthy work environment. sPower employees and Operations
and Maintenance (O&M) staff working at the Project Site shall familiarize themselves with the
content of this Emergency Response Plan, so they can understand and comply with instructions
and procedures outlined herein.

1.1 General Responsibilities

sPower is accountable for the safety of employees working under their supervision and are required
to enforce the instructions and procedures outlined herein. All on-site personnel must take an active
part in protecting themselves, fellow workers, and the general public. They are further required to
participate in safety meetings and notify supervisors of any unsafe conditions that may exist at the
Project Site. The following is a list of the general responsibilities of on-site personnel.

Operations and Safety Managers

More than any other employee, Superintendents and Supervisors carry the greatest burden of
implementing, maintaining, and enforcing the Emergency Response Plan at the Project Site. Their
responsibilities include:

e Ensure job specific emergency and evacuation procedures are provided at the Project Site.

e Evaluate workers qualifications and abilities.

e Ensure that workers have proper clothing and personal protective equipment.

e Provide all personnel and sPower vehicles with equipment necessary to respond to first aid,
health and safety issues, fire or other emergency needs including equipping sPower
vehicles with fire extinguishers, first aid kits and AED equipment.

e Provide first aid and ensure employees have access to medical treatment.

e Conduct safety meetings that emphasize the importance of safety and address specific
jobsite safety issues.

e Plan and anticipate potential hazards of upcoming work.

e Conduct workplace safety inspections and be alert for possible accident producing
conditions.

e Follow-up to ensure compliance with safety recommendations made by sPower,
Spotsylvania County, the County Fire Marshal, the Police Department, and regulatory
agencies.

e Provide training to County first responders that provides a solar facility functional
overview (location, ingress/egress, equipment, site operation), evaluates operation
activities and best practices in responding to emergencies at the facility, and reviews
operation emergency response plans.
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Worker Responsibilities

Each and every worker is responsible for the safety of themselves and their fellow workers. In
addition to observing safe practices and exercising common sense, worker responsibilities include:

e Adhere to all instructions and procedures contained herein and established by Supervisors.

e Be constantly vigilant for unsafe activities or conditions around work activities and make
the needed corrections.

e Setagood example for fellow workers.

e Consistently deliver work of high quality.

e Cooperate with Supervisors in preventing accidents.

e Make safety suggestions and/or report safety concerns to Supervisors.

Jobsite Visitors

On occasion, sPower will receive requests from County staff, emergency services, project
sponsors, public organizations, or others to visit the Project Site. Jobsite visitors shall undergo site
safety orientation prior to entering the Project Site.

1.2 General Guidelines

On-site personnel will have to take actions as their judgment dictates based upon the conditions
that arise for each emergency. These guidelines are intended to assist them in making timely
decisions and taking appropriate actions. On-site personnel shall call for assistance, based on the
significance of the emergency. AIl work-related injuries/ilinesses MUST be reported
IMMEDIATELY to sPower.

o If the emergency requires external emergency responders to arrive on the Project Site, the
initial responder must coordinate the response. For emergencies of a significant nature, such
as fire or ambulance for major medical emergency, the initial responder shall call 911, and then
use the Calling Tree.

e Subcontractor Management are responsible for getting injured parties to the hospital and
emergency treatment at the nearest heath care facilities in the most efficient manner possible
based on perceived injuries, using ambulance, paramedic units, or Air Evacuation as needed.

e For all first aid medical incidents, use the Calling Tree to notify Site Response Personnel to
help provide support. For non-emergency situations like a minor injury, the initial responder
shall use the Calling Tree.

e Subcontractor Safety Personnel shall accompany the injured party and use the local
occupational medical clinic or hospital nearest the Project Site.

e Subcontractors must establish their own First Aid stations. They shall be made available to
their workforce and provided in each trailer and in all trucks on the Project Site.
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Alarm Descriptions

Emergency Description
Medical 1 air horn blast with simultaneous cell phone notification
Fire 2 air horn blasts with simultaneous cell phone notification
Evacuation 3 air horn blasts with simultaneous cell phone notification
Seek Shelter 4 air horn blasts with simultaneous cell phone notification

MEDICAL EMERGENCY

Serious Injury

The following procedures apply for serious medical injuries such as loss of consciousness, heart
attack, bone fractures, neck trauma, or severe burns.

oo wndE

o N

2.2

One (1) air horn blast with simultaneous cell phone notification.

Broadcast “May-Day, May-Day” on radio.

Notify Operations and/or Safety Managers.

If life threatening, call 9-1-1.

Provide name, exact location, number of injured persons, and brief description of incident
On-site personnel to meet EMS responders at site entrance and direct them to location of
incident.

Do not leave or move the injured unless directed to by Safety Managers or EMS responders.
Administer first aid if necessary.

Document incident and keep on file.

Minor Injury

The following procedures apply for minor medical injuries.

agrOdE

2.3

One (1) air horn blast with simultaneous cell phone notification.
Initiate first aid if necessary.

Notify Operations and/or Safety Managers.

Call 9-1-1 if necessary.

Arrange for visit to medical facility as needed.

Attending an Incident

When attending an incident, the following procedures apply:

1.

SARE I A

Clear a path to the injured person for Operations and/or Safety Managers and assign
personnel to assist with signaling EMS responders to the location of the incident.

Identify location of Project Site entrance nearest to the incident and notify EMS responders.
Operations and/or Safety Managers shall meet EMS responders at site entrance.

Direct and accompany EMS responders to location of incident.

Follow all directions of EMS responders
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6. Contact management staff of sPower and/or subcontractors.

7. Document incident and keep on file.
2.4 Medical Facilities
The nearest medical facility to the Project Site is:
Spotsylvania Regional Medical Center
4600 Spotsylvania Parkway
Fredericksburg, VA 22408

Direction from West Catharpin Road:

e Head east on West Catharpin Road
o 4.3mi

e Turn right onto Robert E. Lee Drive
o 6.1mi

e Turn left onto Courthouse Bypass (VA-208 E)

o 4.1mi

e Turn right onto Smith Station Road
o 1.7mi

e Continue onto Spotsylvania Parkway
o 2.7mi

e Destination is on the right

(D)

Mine Run

D) Todds Tavern

Paytes
13016 West
Catharpin Road
Oliversigarmer

Panier

PostQak

&= 37 min
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20.0 miles @
Snell
Guinea
Old-Trap:
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&

€l
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Bellvue
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Directions from Orange Plank Road

e Head east on Orange Plank Road toward Chancellor Meadows Lane

o 4.5mi

e Turn right onto Brock Road
o 9.8mi

e Turn left onto Courthouse Bypass
o 0.9mi

e Continue onto Courthouse Road (VA-208 E)
o 2.2mi

e Turn right onto Smith Station Road
o 17mi

e Continue onto Spotsylvania Parkway
o 2.7mi

e Destination is on the right

37 % D&

@ @
Burr Hill Lake of
the Woods
(G
Wilderness Falmaouth
(D)
€hancellorsville &= 33 min il
Locust Grove 22.0 miles
g ) ©
Chancellor 1
@ @ J
12812 Orange
Plank Road .
@ &= 36 min
Mine Run 222 miles  (f Bellvue
-
(CD) Todds Wayern

Leavells

Paytes
/= 32 min

21.3 miles

Olivers Corner

Spotsylvania
Courthouse

Carters Store

Panier

3.0 HAZARDOUS MATERIAL SPILL

The hazardous materials that may be on the Project Site during operations include those usually
associated with the operation and maintenance of vehicles and machinery, including diesel fuel,
gasoline, hydraulic fluid, brake fluid, antifreeze, and lubricants. Other materials considered
hazardous are chemicals used in portable toilets and the associated human waste. In the unlikely
event of a hazardous materials spill into an Resource Protection Area (RPA), wetland, or stream,
Spotsylvania County EMS and the Zoning Department shall be notified immediately.

3.1  Spill Prevention

The best defense against hazardous material spills is prevention. The following measures shall be
implemented at the Project Site for spill prevention:
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All on-site personnel shall be trained to maintain and inspect their vehicles and equipment.
All machinery found to be a potential source of a future spill shall be removed from the
Project Site and repaired. Vehicles with chronic or continuous leaks must be removed from
the Project Site and repaired before returning to operations. No leaking of any material
from equipment or vehicles will be tolerated on the Project Site.

On-site personnel shall make every effort to ensure compliance prior to an incident. On-
site personnel are solely responsible for any spills of hazardous materials and the
subsequent cleanup, disposal of waste, and restoration of any contaminated areas.
Restrictions will be placed on all equipment refueling, servicing, and maintenance supplies
and activities. All maintenance materials, oils, grease, lubricants, antifreeze, etc. shall be
stored off-site. If they are required during field operations, they shall be placed in a
designated area away from site activities and in an approved storage container.

No refueling, storage, servicing, or maintenance of equipment shall take place within 100
feet of a drainage or sensitive environmental resources to reduce the potential of
contamination by spills.

No refueling or servicing shall be done without absorbent material or drip pans properly
placed to contain spilled fuel.

Any fluids drained from the machinery during servicing shall be collected in leak-proof
containers and taken to an appropriate disposal or recycling facility. If these activities result
in damage or accumulation of product on the soil, it must be disposed of as hazardous
waste.

Under no circumstances shall contaminated soil be added to a spoils pile and transported
to a regular disposal site.

During operations, all vehicles and equipment required on-site shall be parked or stored at
least 100 feet away from rivers, streams, wetlands, known archaeological sites, and any
other sensitive resource areas. All wash down activities must be accomplished away from
sensitive environmental resources.

Spill Containment Equipment

The following equipment shall be at the Project Site with each construction crew in the event a
spill occurs.

1. Emergency Spill Kit that includes at a minimum:

Sorbent socks

Disposal bags and ties

Safety glasses

Rubber gloves

Sorbent drip pillow

Sorbent pads, 18” x 18”

Sorbent spill pillows, 24” x 18”
Hazardous labels

Bag of Lite-Dri Absorbent (or equal)
Shovel and broom

oS mhe o0 o
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. Absorbent Pads - These pads (18" x 18") are 100% polypropylene fabrics that absorb 11

times their weight in liquids. Pads absorb 10 gallons of liquid per bale of 100 pads.

Absorbent Skimmers Booms - Skimmers will float indefinitely before or after saturation
with oils. Skimmers are made of 100% meltdown polypropylene fill that repels water. They
absorb ten times their weight and can be used in lakes, streams, or on the ground. Each
skimmer has a harness kit attached that is made of yellow polypropylene rope with
grommets that are used to connect skimmers. Each boom is 8-feet x 10-feet.

55-gallon clean drums, lined with polypropylene material (over pack). The drum can be
used to store spill response materials until needed. When a spill occurs, all soiled pads,
pillows, skimmers, contaminated soil, etc. shall be placed in the drum for disposal after the
cleanup is accomplished. It is the sPower’s responsibility to make sure these materials are
on-site at all times and personnel are trained in their use and disposal prior to spill response.

Spill Response Procedures

A formal notification process shall be initiated when a spill or potential spill is first observed.
Immediate actions are necessary. The first individual who discovers a spill (spill observer) will be
responsible for initiating notification and response procedures. All personnel responsible for
responding to spills must have completed training in recognition and response to spills of
hazardous materials. sPower is responsible for providing spill recognition and response training
for all sPower project personnel.

Spill Observer

The first person to witness the spill shall follow these procedures:

el NS

Make an assessment of the incident as observed.

If the incident can be safely controlled, take steps to do so (e.g., turn off source of spill).
Notify sPower Management Team and provide as much information as possible.

Begin to fill out Spill Notification Checklist.

sPower Operations and/or Safety Management

Operations and/or Safety Managers shall follow these procedures in the event of a spill:

1.
2.
3.

SR

Notify Supervisors

Make sure all personnel are removed from the spill area.

Take immediate actions to minimize any threat to public safety (verify the spill area has
been cordoned off).

Secure the source of the spill, if safely possible to do so.

Maintain close observation of the spill.
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3.4  Vehicle and Machinery Spills

Incidents of loss of a petroleum product from equipment or vehicles shall be considered a spill.
After the spill has been flagged to warn people to stay away, the volume and extent of the spill
estimated, and initial notification procedures accomplished, the spill must be confined. Do not
handle materials without wearing protective clothing.

Generally, follow the procedures listed below:
1. When the spill is discovered begin making notations on the Spill Notification Checklist.

2. Determine if the Spill Team Response is needed to complete cleanup.
a. If the answer is NO, submit incident reports to Operations and/or Safety Managers
b. If the answer is YES, go to step 3.

3. Activate the local spill response team.

4. Determine if additional cleanup contractors are necessary for a major incident.

a. If the answer is NO and the incident is determined to be a minor spill, conduct
internal cleanup, review and evaluate the cleanup, determine if the cleanup is
beyond the local response team ability or equipment; if the answer is NO, complete
the cleanup, restore the damaged areas, properly dispose of all waste, and submit
incident reports to Operations and/or Safety Managers. If during cleanup, the
incident is determined to be beyond the abilities of the local response team, hire
additional contractors to help with the cleanup.

b. If the answer is YES, hire additional contractors to help with the cleanup.

5. Arrange for proper testing and disposal of all waste if substance is unknown.

6. Closely monitor all cleanup activities.

7. Ensure proper disposal of absorbent materials, containers, and soils, as required.
8. Complete the cleanup and restore damaged areas.

9. Submit incident reports to Operations and/or Safety Managers.

Cleanup may range from very simple removal of minor spills, to installation of skimmers around
large spills or between sensitive areas and spills for longer, prolonged cleanups. Cleanups can be
on pavement or on soil surfaces. On-site personnel shall be trained in the proper use of the cleanup
materials. All spills on pavement shall be thoroughly removed with absorbent socks, pillows, or
pads and Lite-Dri (or equal) granules. After absorption, the granules shall also be removed. All
materials used in cleanup, shall then become hazardous waste. Place all materials in a 55-gallon
lined drum, seal it, and label the contents. The drum must then be sent to a designated disposal
site. A chain of custody form must accompany the drum (provided by Disposal Company). It is
strongly recommended that all contractors determine a disposal site in advance of a spill incident.
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All spills on soil require the same treatment as on pavement, with the exception that contaminated
soil is also part of the generated hazardous waste and must be handled as such and removed from
the site.

3.5  Chemical Toilet Spill

Chemical toilets are self-contained and pose little threat to the construction site. Chemicals used
in portable toilets are biodegradable and generally non-toxic to humans. However, they can pose
a danger to wildlife and sensitive habitats by virtue of heavy concentration of chemical and human
waste. They shall be pumped out at least one time per week. Toilets shall never be placed in or
near an environmentally sensitive area. In the unlikely event that a portable toilet spills during
transport or relocation, the same procedures for other hazardous material spills shall be used.
Disposal of absorbent materials shall be handled the same as other spills, with proper disposal by
the toilet supply company.

3.6  Reporting of Major Spills

Upon recognition of a major spill, notification is critical to immediate response. The first
notification shall be given to the nearest Operations and/or Safety Managers so that appropriate
spill response can begin immediately. After initial spill response has begun, notification and
reporting to agency personnel shall occur. The following procedures should be followed when
reporting major spills:

Never include information that has not been verified.

Never speculate as to the cause of the incident or make any acknowledgment of liability.
Do not delay reporting because of incomplete information.

Notify persons/agencies and document notification and the content of the message.

For spills of federal reportable quantities, in conformance with the requirements in 40 CFR
parts 110,119, and 302, O&M staff shall notify the National Response Center at (800) 424-
8802.

6. Complete the Spill Notification Checklist as information is confirmed.

arODE

Other agencies which may need to be consulted include, but are not limited to, the County Fire
Department, Public Works Department, Highway Patrol, County Police Department, Department
of Toxic Substances, OSHA, RWQCB, DEQ, and or DGIF.

3.7  Disposal of Waste

Following the cleanup of a spill, the waste, absorbent materials, protective clothing, and any soil
that has been contaminated must be removed to a designated hazardous waste disposal area. All
contaminated materials shall be sealed in 55-gallon drums and labeled with the contents. If the
contaminant is unknown, a sample of the material must be collected and analyzed before disposal.
A permit or approval in writing must be obtained prior to disposal of the drum. A copy of the
permit and a chain-of-custody form (obtained from the disposal contractor or testing laboratory)
must accompany the material and copies must be attached to the Spill Notification Checklist
submitted to Operations and/or Safety Managers. It is advisable for contractors to establish a
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relationship with a disposal facility before an incident occurs. Local landfills may be able to receive
some petroleum products. However, it is up to the contractor to perform sampling, testing, and
coordination with landfills or a disposal company. Transporting hazardous waste is regulated by
federal and state agencies under the Resource Conservation and Recovery Act (RCRA) and other
statutes. The contractor is responsible for the proper disposal of all waste and understanding the
responsibilities under federal and state statutes.

3.8 Final Reporting

Spill incidents that require cleanup must be reported on the Spill Notification Checklist.
Notification must begin as soon as the incident occurs. The checklist shall be submitted to
Operations and/or Safety Managers as soon as it is complete. Forms must be submitted no longer
than five days after an incident is closed. A copy of the permit or disposal approval and the chain-
of custody for the disposal must be attached to the Spill Notification Checklist. The forms shall be
reviewed and filed in the contractor’s file. No exceptions will be tolerated.

If a situation arises involving an unknown hazardous material, the Spill Notification Checklist can
be used to report the incident. This incident may require a very different approach to removing the
hazard and the contractor may be required to remove the material. The incident must still be
reported by the contractor.

3.9  Follow-Up Investigation

A critique following a spill response is beneficial to evaluate the actions taken or omitted.
Recommendations and suggested modifications will be made to prepare for the possibility of future
spills.

3.10 Spill Notification Checklist

Spill Notification Checklists shall be provided at all construction trailers. At a minimum, the Spill
Notification Checklists shall require the following information:

e Date

e Time

e Location

e Description of Spill (color, length, width, type)
e Type of Product

e Estimated Quantity

e Source of Spill (vehicle, machine, etc.)

e Describe initial containment procedures

e Weather conditions

e Note if spill reached any body of water

e Individuals notified of spill (include name, company, date, time, and response)
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4.0

NATURAL DISASTERS

The Operations and/or Safety Managers will be monitoring weather daily via met stations located
at the Project Site.

4.1 Flooding and Flash Floods

Flash flooding is a result of heavy localized rainfall such as that from slow moving, intense
thunderstorms. Flash floods often result from small creeks and streams overflowing during heavy
rainfall. These floods often become raging torrents of water which rip through river beds, or
canyons, sweeping everything with them. Flash flooding can occur within 30-minutes and within
six hours of a heavy rain event. In hilly terrain, flash floods can strike with little or no advance
warning. Distant rain may be channeled into gullies and ravines causing flash flooding in minutes.
In the event of a flash flood, the following procedures shall apply.

1. During periods of thunderstorms, always remain alert to heavy rains in your immediate
area or upstream from your location. It does not have to be raining at your location for flash
flooding to occur.

2. Do not drive through flooded areas. Even if it looks shallow enough to cross.

3. Do not cross flowing streams on foot where water is above your ankles.

4. Be especially cautious at night. It is harder to recognize water danger then.

5. Do not attempt to outrace a flood on foot. If you see or hear it coming, move to higher
ground immediately.

6. Be familiar with the land features where you work. It may be in a low area, near a drainage
ditch, or small stream.

7. Stay tuned to weather forecasts and updates for the latest statements, watches, and warnings
concerning heavy rain and flash flooding in the Project Area.

8. Waiting 15 to 30 minutes, or until high water recedes, is a simple safety measure.
4.2  Tornado
Upon the issuance of a tornado warning, O&M staff will evacuate the Project Site and report to
the predesignated shelter area, to be determined prior to O&M staff arrival. In the event O&M

staff are outside and unable to evacuate to the shelter, the following procedure will be followed:

1. Lie flat in a nearby ditch or depression, covering the head with the hands. Be aware of the
potential for flooding.
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2. O&M staff are safest in a low, flat location and will be instructed to not get under an
overpass or bridge.

3. O&M staff will be instructed to never try to outrun a tornado in congested areas in a vehicle.
It is safest to leave the vehicle for safe shelter.

4. O&M Staff are instructed to beware of flying debris.

Following tornado or high wind events, the site facility will be evaluated by O&M personnel for
damage. All repairs will be performed under standard operational procedures.

4.3  High Wind Event

In the event of a high wind advisory, all land clearing, grading, earth moving, excavation and
burning activities shall cease during periods when:

e Winds are greater than 25 mph (averaged over one hour);

o Disturbed material is easily windblown; or

e Dust plums of greater than 20% or greater opacity impact public roads, occupied structures,
or neighboring properties

Refer to the following table for procedures during varying wind speeds.

Wind Speed Action
(averaged over one hour)
0—15 mph Normal Work
> 15 mph Warning
25 mph 1. Civil/Mechanical work causing dust at property lines is
stopped
2. Increase dust control measures
3. Increase personal protection equipment (e.g., goggles instead
of standard safety glasses)
30 mph 1. Panel installation is stopped
2. Aerial lift activities are stopped

4.4  Lighting Storm

In the event a lighting storm is within 10 — 30 miles and approaching the Project Site, the following
procedures shall apply.
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Notify Operations and/or Safety Manager, and all on-site employees.
Stop work safely and head to staging and laydown yards in vehicles.
Remain at staging and laydown yards, get update on weather conditions.

If storm/lighting is still approaching the Project Site, get in and stay in company or personal
vehicles that have rubber tires only.

If safe enough to do so, take cover in on-site designated shelters.

Once storm passes, remain in cars/trucks for at least 30 minutes depending on passing
storm severity, and wait for an “OK” from Construction Supervisors or Safety Managers
in charge of monitoring the storm.

FIRE PREVENTION PLAN

Purpose and Need of Fire Prevention Plan

The purpose of this Fire Prevention Plan (FPP) is to:

5.2

Eliminate the potential risks and/or causes of fires
Prevent loss of life and property by fire

Educate employees to promote a safe environment
Be prepared should a fire occur

Outline a procedure to follow for the safety of the individuals at the Project Site at the time
of the occurrence

Identify risk factors and hazards

Set up proper storage procedures, training, and identification of personnel responsible for
maintaining and servicing the equipment and systems at the Project Site that are used to
prevent and/or control a fire

Responsibilities and Procedures

Safety is everyone’s responsibility at the Project Site. All O&M staff working at the Project Site
are to be trained and should know how to prevent and respond to a fire emergency. All on-site staff

shall:

5.3

Complete an on-site training program identifying the fire risks at the Project Site
Understand the protocol and follow emergency procedures should an event occur
Review and report potential fire hazards to the Operations and/or Safety Managers

Conditions Associated with PV Solar Arrays

While the PV panels that will be installed for the Project are not flammable, PV solar arrays present
a unique challenge for fire fighters. Unlike a typical electrical or gas utility, a PV array does not
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have a single point of disconnect. Whereas there are disconnects that will de-energize select parts
of the system. As long as the PV panels are illuminated, the individual strings of PV panels are
energized and capable of producing up to 1,500 volts. This is not just limited to PV panels being
illuminated by the sun; illumination by artificial light sources, such as fire department lights, or
the light for the fire itself are capable of producing electrical power sufficient to cause a lock-on
hazard. Below is a summary of hazards associated with firefighting activities in PV solar arrays:

e Shock hazard due to the presence of water and PV power during suppression activities
o Outdoor related electrical enclosures may not resist water intrusion from the high-
pressure stream of a fire hose
o PV panels damaged in the fire may not resist water intrusion
o Damaged conductors may not resist water intrusion

e Shock hazard due to direct contact with energized components
o No means of complete electrical disconnect

Due to the hazards described above, it is not typical to practice fire suppression by means of water
inundation within PV solar arrays.

54  Types of Fires and Procedures
In the event of a fire at the Project Site, the general procedure is as follows:

e Person discovering the fire shall immediately dispatch to the Operations and/or Safety
Managers.
e Attempt to extinguish the fire if safe and possible to do so.
e DO NOT attempt to extinguish fire near electrical equipment (e.g., PV solar arrays or
inverters) with water or other chemicals as an electric shock or arc could occur.
e Call 9-1-1 and report the following:
o “I am reporting a fire at the Spotsylvania Solar Energy Center”.
o Provide address and exact Project Site entrance.
o Provide location (ex: The fire is at Block H1)
o Injuries if any and need for ambulance.
e Adesignated O&M employee shall meet fire fighters at the Project Site entrance and direct
them to the location of the fire
e Prepare a summary of the incident as soon as possible and no later than 24 hours after the
incident.

5.4.1 Small Stage Fires

Fires that are in the beginning stage and can be controlled with a fire extinguisher. An example
would be a small trash can fire. In the event of a small stage fire at the Project Site:

e The person discovering the fire should immediately dispatch to the Operations and/or
Safety Managers and O&M staff.
e Call 9-1-1 and report the following:
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o “I am reporting a fire at the Spotsylvania Solar Energy Center”.
o Provide address and exact Project Site entrance.
o Provide location (ex: The fire is at Block H1)
o Injuries if any and need for ambulance.
All non-essential personnel should be removed from the hazard area.
All on-site vehicles are required to carry fire extinguishers. Fire extinguishment with a fire
extinguisher or other means should be attempted if the person has been trained in the use
of fire extinguishers and can do so without placing themselves in danger.
The Operations and/or Safety Managers shall respond to the scene and determine if external
resources or an evacuation is necessary. In the event of an evacuation, Operations and/or
Safety Managers will recruit/dispatch employees to assist with the evacuation and, have
the Operations and/or Safety Managers issue the following statement over the radio:
“Attention, there is a fire emergency at (location name). Please evacuate (the affected area)
and report to (designated meeting area).
At this point, O&M staff in the affected area will stop work immediately, take steps to
safely shut down equipment, exit the evacuation area, and report to the designated meeting
area.
The Operations and/or Safety Managers will then take steps to ensure that no employee re-
enters the evacuated area until the Fire Department arrives and assumes command.
The Operations and/or Safety Managers will issue an “All Clear” only when the Fire
Department informs them that it is safe to do so.

Large Stage Fires

In the event of a large stage fire at the Project Site:

The person discovering the fire should immediately contact the Operations and/or Safety
Managers. The Safety Manager shall call 9-1-1 to report the fire.
Call 9-1-1 and report the following:

o “Iam reporting a fire at the Spotsylvania Solar Energy Center”.

o Provide address and exact Project Site entrance.

o Provide location (ex: The fire is at Block H1)

o Injuries if any and need for ambulance.
O&M staff should be removed from the immediate danger area in anticipation of an
evacuation.
The Operations and/or Safety Managers shall respond to the scene and ensure that the fire
department has been dispatched. Spotsylvania County Fire, Rescue and Emergency
Management will be responding to 9-1-1 calls during operations. They will then determine
evacuation needs, recruit/dispatch employees to assist with the evacuation and, have the
Operations and/or Safety Managers issue the following statement over the radio:
“Attention, there is a fire emergency at (location name). Please evacuate (the affected area)
and report to (designated meeting area).
At this point, O&M staff in the affected area shall stop work immediately, take steps to
safely shut down equipment, exit the evacuation area, and report to the designated meeting
area.
In this scenario, fire extinguishers are to be used for escape purposes only.
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e The Operations and/or Safety Managers will take the necessary steps to ensure that no
O&M staff re-enters the evacuated area until the Fire Department arrives and assumes
command.

e No employee is required or permitted to place themselves in harm’s way in order to
facilitate extinguishment, evacuation, or rescue. All rescue operations will be performed
by trained professionals upon their arrival.

e The Operations and/or Safety Managers will issue an “All Clear” only when the Fire
Department informs them that it is safe to do so.

5.4.3 Vegetation Fires

Most likely to be caused by a spark from a nearby piece of equipment or flying ember from off-
site. While combustible materials (e.g., mulch and low-lying vegetation) will be managed at the
Project Site by sPower’s O&M staff, ignition of the ground cover could result in a fast moving,
but lower intensity fire that burns in a patchy manner beneath the PV solar arrays. Vegetation fires
would be relatively short in duration as vegetative fuels are consumed rapidly. There would not be
a sustained source of heat and or flame as there would be with surrounding wild fires. In the event
of a vegetation fire near the PV solar arrays, the following procedures apply:

e Person discovering the fire shall immediately dispatch to the Operations and/or Safety
Managers.
e DO NOT attempt to extinguish fire near electrical equipment with water or other chemicals
as an electric shock or arc could occur.
e If possible, safely attempt to shut down power at the inverter using the DC disconnect.
e Let the fire burn vegetation and self-extinguish.
e If the fire continues away from the PV solar arrays or inverters, attempt to extinguish
flames.
e Call 9-1-1 and report the following :
o “I am reporting a fire at the Spotsylvania Solar Energy Center”.
o Provide address and exact Project Site entrance.
o Provide location (ex: The fire is at Block H1)
o Injuries if any and need for ambulance.
e Adesignated O&M employee shall meet fire fighters at the Project Site entrance and direct
them to the location of the fire.

5.4.4 Inverter Fires
In the event of an inverter fire at the Project Site:

e Person discovering the fire shall immediately dispatch to the Operations and/or Safety
Managers.

e Immediately contact sPower Control Room in Salt Lake City, Utah to notify them of the
fire and instruct them to open the circuit with the inverter in it to isolate it from the grid.

e DO NOT attempt to extinguish fire near electrical equipment with water or other chemicals
as an electric shock or arc could occur.

e Call 9-1-1 and report the following:
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o “I am reporting a fire at the Spotsylvania Solar Energy Center”.
o Provide address and exact Project Site entrance.
o Provide location (ex: The fire is at Block H1)
o Injuries if any and need for ambulance.

A designated O&M employee shall meet fire fighters at the Project Site entrance and direct

them to the location of the fire.

e If possible, O&M staff shall safely attempt to shut down power at the inverter using the
DC disconnect.

e O&M staff protect surrounding areas from flying embers with fire extinguishers.

e Provide Safety Data Sheets (SDS) for the skid if needed.

5.5 Fire Department Access

Access for County Fire, Rescue, and Emergency Management will be provided at all Project Site
entrances punch code key boxes. If a fire occurs while sPower’s O&M staff are present at the
Project Site, the O&M staff shall provide emergency dispatchers with the exact address and
location of the nearest site access point and meet fire fighters at the entrance to escort them to the
fire.

Internal site access roads will consist of compacted dirt roads. These access roads will provide
direct access to each of the Project’s inverters and transformers.

Access to all areas of the Project Site are provided via access aisles. Access aisles are the cleared
areas located between individual rows of the PV solar arrays. Access aisles consists of unimproved
native material and are not suitable for all emergency services vehicles. However, access aisles do
provide emergency responders with access routes to all areas of the Project Site via walking from
a nearby access road or by use of 4x4 vehicles.

56  Minimizing Fire Risks

sPower’s O&M staft shall be responsible for implementing the following preventative measures
for Class A, B, and C combustibles:

e Class A Combustibles — consist of common material (wood, paper, cloth, rubber, and
plastic) that can act as fuel and are found on most work sites.

Dispose of waste daily.

Use trash receptacles with covers.

Keep work areas clean and free of combustible materials.

Store materials in the proper storage containers.

Conduct periodic checks of the Project Site to make sure combustibles are being
handled correctly.

Water and multi-purpose dry chemicals (ABC) are approved fire extinguishing
agents for Class A Combustibles.

O O O O O

O
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e Class B Combustibles — consist of flammable and combustible liquids (oil, grease, tar, oil-
based paints and lacquers), flammable gases, and flammable aerosols.

o

Only use approved pumps (with suction from the top) to dispense liquids from
tanks, drums, barrels, or similar containers (or use approved self-closing valves or
faucets).

Do not dispense Class B flammable liquids into a container unless the nozzle and
container are electrically interconnected by contact or bonding wire. Either the
tank or container must be grounded.

Store, handle, and use Class B combustibles only in approved locations where
vapors are prevented from reaching ignition sources such as heating or electric
equipment, open flames, or mechanical or electric sparks.

Do not use a flammable liquid as a cleaning agent inside a building (the only
exception is in a closed machine approved for cleaning with flammable liquids).
Do not use, handle, or store Class B combustibles near exits, stairs, or any other
areas normally used as exits.

Do not weld, cut, grind, or use unsafe electrical appliances or equipment near Class
B combustibles.

Do not generate heat, allow an open flame, or smoke near Class B combustibles.
Know the location of and how to use the nearest portable fire extinguisher rated
for Class B fire.

Water should not be used to extinguish Class B fires caused by flammable liquids,
as it can cause the burning liquid to spread, making the fire worse. To extinguish
a fire caused by flammable liquids, exclude the air around the burning liquid.
Carbon dioxide and multi-purpose dry chemicals (ABC) are approved fire
extinguishing agents for Class B Combustibles.

e Class C Combustibles — consist of energized electrical equipment.

@)

O

0 O O O

ALWAYS de-energize the circuit supplying the fire, and then use a non-
conductive extinguishing agent such as carbon dioxide or multi-purpose dry
chemicals (ABC).

DO NOT use water, form, or other conductive agents when fighting Class C
Combustibles.

Once the electricity is shut down to the equipment involved, the fire generally
becomes a standard combustible fire.

Use only appropriately rated fuses per manufacture’s specifications.

Check all electrical equipment to ensure it is properly grounded and insulated.
Ensure adequate spacing while performing maintenance.

Check wiring to ensure no damage to cables or connections.

5.7  Employee Training and Education

Fire procedures are to be posted at the Project Site on a bulletin board along with the OSHA
compliance postings, first aid, and site-specific project information. The bulletin board is to be
located at the O&M Building located on-site.

2180 South 1300 East, Suite 600, Salt Lake City, Utah 84106 801.679.3500 | - 801.679.3501

Page 19


http://www.spower.com/

$

S POWER Emergency Response Plan - Operations

An AES and AIMCo Company Spotsylvania Solar Energy Center

O&M staff shall be trained in the practices of the FPP relevant to their duties. O&M staff shall be
trained and equipped to extinguish small fires to prevent them from growing into more serious
threats. Confirm all O&M staff understand the function and elements of the FPP, including
potential emergencies, reporting procedures, evacuation plans, and shutdown procedures. Review
any special hazards that might occur at the Project Site, such as flammable materials, fuel storage,
toxic chemicals, and water reactive substances.

Fire safety training will occur during the site safety training. O&M staff are required to undergo
training prior to starting work. Training shall include:

Employee roles and responsibilities.

Recognition of potential fire hazards.

Alarm system and evacuation routes.

Location and operation of manually operated equipment (fire extinguishers).
Emergency response procedures.

Emergency shutdown procedures.

Information regarding specific materials to which employees may be exposed.
Review OSHA requirements contained in 29 CFR 19010.38, Emergency Action Plans.
Review OSHA requirements contained in 29 CFR 1910.39, Fire Prevention Plans.
The location of the company FPP and how it can be accessed.

Good fire-prevention housekeeping practices and equipment maintenance.

The Operations and/or Safety Managers are responsible for fire safety training. Written
documentation of the training received by each employee must be maintained.

5.8

5.9

Site Maintenance and Housekeeping

Fire extinguishers shall be inspected monthly.

Fire extinguishers shall not be obstructed and should be in conspicuous locations.
Combustible material shall not be stored in mechanical rooms, electrical equipment rooms,
or the SCADA buildings.

Outside dumpsters shall be kept at least five (5) feet away from combustible materials and
the lid should be kept closed.

Storage is not allowed in electrical equipment rooms, or near electrical panels.

Electrical panel openings must be covered.

Power strips must be plugged directly into an outlet and not daisy-chained and should be
for temporary use only.
Extension cords and flexible cords should not be substituted for permanent.

Equipment Fire Safety
All internal combustion engines, both stationary and mobile, shall be equipped with spark

arresters. Spark arresters shall be in good working order.
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e Light trucks and cars with factory-installed (type) mufflers shall be used only on roads
where the roadway is cleared of vegetation. These vehicle types shall maintain their
factory-installed (type) mufflers in good condition.

e Equipment parking areas and small stationary engine sites shall be cleared of all extraneous
flammable materials.

e The project proponent shall make an effort to restrict the use of chainsaws, chippers,
vegetation masticators, grinders, drill rigs, tractors, torches, and explosives to periods
outside of the official fire season. When the above tools are used, water tanks equipped
with hoses, fire rakes, and axes shall be easily accessible to personnel.

6.0 Heat Iliness Prevention Plan

These procedures provide steps applicable to most outdoor work settings and are essential to
reducing the incidence of heat related illnesses. In working environments with a higher risk for
heat illness (e.g., during a heat wave, hot summer months exceeding 95 degrees Fahrenheit, or
other severe working or environmental conditions), it is sPower’s duty to exercise greater caution
and ensure these procedures are implemented, including additional protective measures beyond
what is listed in this document, as needed to protect employees affected by high heat conditions.

When the temperature exceeds 95 degrees, high heat procedures begin, the Operations and/or
Safety Managers will hold short tailgate meetings to review the weather report, reinforce heat
illness prevention with all workers and provide reminders to drink water frequently, to be on the
lookout for signs and symptoms of heat illness, and inform them that shade can be made available
upon request.

6.1 Definitions

"Acclimatization™ means temporary adaptation of the body to work in the heat that occurs
gradually when a person is exposed to it. Acclimatization peaks in most people within four to
fourteen days of regular work for at least two hours per day in the heat.

"Heat Illness" means a serious medical condition resulting from the body's inability to cope with
a particular heat load, and includes heat cramps, heat exhaustion, heat syncope, and heat stroke.

"Environmental risk factors for heat illness™ means working conditions that create the
possibility that heat illness could occur, including air temperature, relative humidity, radiant heat
from the sun and other sources, conductive heat sources such as the ground, air movement,
workload severity and duration, protective clothing and personal protective equipment worn by
employees.

""Personal risk factors for heat illness' means factors such as an individual's age, degree of
acclimatization, health, water consumption, alcohol consumption, caffeine consumption, and use
of prescription medications that affect the body's water retention or other physiological responses
to heat.
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""Shade™ means blockage of direct sunlight. One indicator that blockage is sufficient is when
objects do not cast a shadow in the area of blocked sunlight. Shade is not adequate when heat in
the area of shade defeats the purpose of shade, which is to allow the body to cool. For example, a
car sitting in the sun does not provide acceptable shade to a person inside it, unless the car is
running with air conditioning. Shade may be provided by any natural or artificial means that does
not expose employees to unsafe or unhealthy conditions, and that does not deter or discourage
access or use.

"Temperature' means the temperature in degrees Fahrenheit obtainable by using a thermometer
to measure the outdoor temperature in an area where there is no shade. While the temperature
measurement must be taken in an area with full sunlight, the thermometer should be shielded while
taking the measurement, e.g., with the hand or some other object, from direct contact by sunlight.

"Provision of water™ Employees shall have access to potable drinking water. The water will be
fresh, pure, suitably cool, and provided to employees free of charge. The water shall be located as
close as practicable to the areas where employees are working. Where drinking water is not
plumbed or otherwise continuously supplied, it shall be provided in sufficient quantity at the
beginning of the work shift to provide one quart per employee per hour for drinking for the entire
shift. Employers may begin the shift with smaller quantities of water if they have effective
procedures for replenishment during the shift as needed to allow employees to drink one quart or
more per hour. The frequent drinking of water shall be encouraged.

6.2 Provisions of Water (Water Distribution Plan)

Bottled water is provided for all on-site personnel. All sPower sub-contractors are required to
provide a written Heat IlIness and Water Distribution Plan, as well as the required potable water
and ice for their personnel on site daily.

Means and Methods for Providing Drinking Water to All Employees

1. The on-site manager will ensure that there is a minimum of two quarts per employee per
hour in the work area at all times during the shift. This can be achieved by having bottled
water chilled in coolers or using 5 to 10-gallon jugs.

2. If water jugs or bottled water is unavailable, all employees will be furnished a camelback
for drinking water purposes prior to going to work.

3. When the temperature exceeds 90 degrees the employees will ensure an ample supply of
water is readily available.

4. The on-site manager must insure that the drinking water moves as the work does.
5. The on-site manager is responsible for properly cleaning water jugs at a minimum every

shift. Cleaning must be in accordance with the water jug cleaning procedure. If camelbacks
are in use, the employee is responsible for care and cleaning.
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The on-site manager will announce all drinking water locations in the daily tool box
meeting. When the temperature is expected to be over 90 degrees the supervisor will
discuss signs and symptoms, hydration, and other pertinent heat illness topics.

When the temperature is 95 degrees or more, the on-site manager or designee will increase
the number of mandatory water drinking breaks.

During the site-specific safety orientation, the importance of frequently drinking water will
be stressed.

Accessing Shade

The on-site manager will be given enough shade tents to cover 75 percent of their
employees at the same time.

The on-site manager will also be given picnic tables, chairs, or benches so the employees
will have a place to sit under the shade tent.

The interior of a vehicle may only be considered a shaded area if the air conditioning is
both on and works properly.

The on-site manager will make the employees aware of the shaded locations in the daily
tool box meeting. They will also make sure that the shade areas move with the workforce.

Handling a Heat Wave

During a heat wave or heat spike (increase in afternoon temperature of more than 10 degrees) the
Project Site will be closed, and the work will need to be rescheduled or done at different hours. If
the work can’t be completed at a different time, the on-site manager will hold an emergency
tailgate meeting to inform all employees of the heat conditions, emergency response procedures,
and mitigation techniques.

6.4.1

1.

6.4.2

High Heat Procedures

The on-site manager will ensure effective communication by voice, observation, or
electronic means is maintained so that employees can contact a supervisor when necessary.

Employees will monitor other employees for alertness and signs and symptoms of heat
illness.

Fellow employees will police each other to ensure their co-workers are drinking water
frequently throughout the shift. New employee will be assigned a “buddy” or experienced
coworker for the first 14 days of the employment.

Acclimatization
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Acclimatization is the temporary and gradual physiological change in the body that occurs when
the environmentally induced heat load to which the body is accustomed is significantly and
suddenly exceeded by sudden environmental changes. In more common terms, the body needs
time to adapt when temperatures rise suddenly, and an employee risks heat illness by not taking it
easy when a heat wave strikes or when starting a new job that exposes the employee to heat to
which the employee’s body hasn’t yet adjusted.

Inadequate acclimatization can imperil anyone exposed to conditions of heat and physical stress
significantly more intense than what they are used to. Employers are responsible for the working
conditions of their employees, and they must act effectively when conditions result in sudden
exposure to heat their employees are not used to.

1. sPower Team will monitor the weather and in particular be on the lookout for sudden heat
wave(s) or increases in temperatures to which employees haven’t been exposed to for
several weeks or longer.

2. During the hot summer months, the work shift will start at first light.

3. For new employees, on-site managers will try to find ways to lessen the intensity of the
employees work during a two-week break-in period (such as scheduling slower paced, less
physically demanding work during the hot parts of the day and the heaviest work activities
during the cooler parts of the day (early-morning or evening). Steps taken to lessen the
intensity of the workload for new employees will be documented.

4. New employees will remain vigilant and alert for the presence of heat related symptoms.

5. New employees will be assigned a “buddy” or experienced coworker to watch each other
closely for discomfort or symptoms of heat illness.

6. O&M teams will observe closely (or maintain frequent communication via phone or radio)
and be on the lookout for possible symptoms of heat illness.

7. sPower site orientation for employees and supervisors will include the importance of
acclimatization, how it is developed and how these company procedures address it.

6.4.3 Alternate High Heat Work Schedule

When ambient temperatures remain at and exceed 95 degrees the Operations and/or Safety
Managers shall discuss revisions to the work schedule (start time, end-of-shift time, multiple shifts
with varying start times). When the alternate high heat schedule is in effect, personnel will meet
each morning to go over the following items:

Heat Index 1 Heat Index 2
Heavy physical Moderate or lite
work with RI=slFoNe= physical work with
acclimated worker
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unacclimated
worker
89 — 95°F e Supply water to workers on an “as needed basis” 77— 84°F
e Post Heat Stress Alert Notice
96 _ 102°F * Encourage workers to drink extra water _ 85 _ 93°F
e Start recording hourly temperature and relative
humidity
e High Heat Procedures in effect notice
103 — 108°F * Notify workers to consume more water _ 94— 99°F
e Ensure workers are trained to recognize
symptoms
e Provide 15 minutes relief per hour
¢ Provide adequate cool water (50 -59°F)
109 - 111°F e At least 1 cup (240 ml) water every 20 minutes 100 - 102°F
e Workers with symptoms should seek medical
attention
112 — 115°F * Provide 30 minutes relief per hour in addition to 103 — 108°F
the provisions listed previously.
o If feasible, provide 45 minutes relief per hour in
o addition to the provisions listed previously o
116 = 120°F o If a 75% relief period is not feasible then stop 109 = 111°F
work until the Heat Index is 107°F or less
6.4.4 Handling a Sick Employee
1. When an employee displays possible signs or symptoms of heat illness, the sPower
Operations Manager will be notified. An employee trained in first aid will check the sick
employee and determine whether resting in the shade and drinking cool water will suffice
or if emergency service providers will need to be called.
2. Do not leave a sick worker alone in the shade, as he or she can take a turn for the worse!
3. Call emergency service providers immediately if an employee displays signs or symptoms
of heat illness (loss of consciousness, incoherent speech, convulsions, red and hot face),
does not look OK or does not get better after drinking cool water and resting in the shade.
4. While the ambulance is in route, initiate first aid (cool the worker: place in the shade,
remove excess layers of clothing, place ice pack in the armpits and join area and fan the
victim).
5. Do not let a sick worker leave the site, as they can get lost or die (when not being

transported by ambulance and treatment has not been started by paramedics) before
reaching a hospital.
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If an employee does not look OK and displays signs or symptoms of severe heat illness
(loss of consciousness, incoherent speech, convulsions, red and hot face), and the worksite
is located more than 20 min away from a hospital, call emergency service providers,
communicate the signs and symptoms of the victim and request Air Ambulance.

Procedures for Employee and Supervisory Training

sPower will ensure that all supervisors are trained prior to being assigned to supervise other
workers. Training will include this company’s written procedures and what steps
supervisors will follow when employees’ exhibit symptoms consistent with heat illness.

sPower will ensure that all employees and supervisors are trained prior to working outside.
Training will include the site-specific orientations, lunch and learns, and tool box topics.

sPower Safety Manager will train employees on the steps that will be followed for
contacting emergency medical services, including how they are to proceed when there are
non-English speaking workers, how clear and precise directions to the site will be provided
as well as stress the need to make visual contact with emergency responders at the nearest
road or landmark to direct them to the worksite.

Procedures for Emergency Response

Prior to assigning a crew to a particular worksite, the Operations Manager will ensure that
a qualified, appropriately trained and equipped person will be available at the Project Site
to render first aid if necessary.

All on-site personnel will carry cell phones or other means of communication, to ensure
that emergency medical services can be called and check that these are functional at the
worksite prior to each shift.

When an employee is showing symptoms of possible heat illness, the supervisor will take
immediate steps to keep the stricken employee cool and comfortable once emergency
service responders have been called (to reduce the progression to more serious illness).

During a heat wave or hot temperatures, workers will be reminded and encouraged to
immediately report to their supervisor any signs or symptoms they are experiencing.

sPower site specific orientation for employees and supervisors will include every detail of these
written emergency procedures.
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Appendix A

Emergency Contact Information

Division Name, Title Email
Fire Prevention Philip M. Sullivan, Deputy Fire Marshal | psullivan@spotsylvania.va.us
EMS Health and Mike Grubb. Division Chief bb vani
Safety ike Grubb, Division Chie mgrubb@spotsylvania.va.us
Emergency i . i
Management Matthew Embrey, Division Chief membrey@spotsylvania.va.us

The following table lists the County Fire and Rescue Stations that are nearest to the Project Site.
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Station 9
(Belmont)

7100 Belmont Road,
Mineral, VA 23117

Fire: (540) 507-7974/7975
Rescue: (540) 507-7956/7957

- Distance
Cé):sgtyelzs't':t%?]d Address Phone Number from
Project Site
gg‘iigﬁ?pa”y/ ResCUe | 10501 Orange Plank Road, | Fire: (504) 507-7970/7971 ﬁog’r?h:‘;;fzf
(Wilderness) Spotsylvania, VA 22553 Rescue: (540) 507-7952/7953 Site A
Fire Company/Rescue 4.30 miles

southwest of
Site B

Fire Company/Rescue
Station 2
(Brokenburg)

11700/11701 Volunteer
Lane, Spotsylvania, VA
22553

(540) 507-7942/7943

5.75 miles
southeast of
Site C

Fire COMpany/RescUe | 6204 plank Road, Fire: (540) 507-7966/7967 | 022 MIIes
(Chancellor) Fredericksburg, VA 22407 | Rescue: (540) 507-7948/7949 Site A
The following table lists the medical facilities that are nearest to the Project Site.
. - Phone Available Distance
Medical Facility Address NS SaviEes from
Project Site
Spotsylvania Regional | 4600 Spotsylvania Parkway (540) 498-4000 Emergency | 13 miles east
Medical Center Fredericksburg, VA 22408 Services of Site A
Fredericksburg . . 13 miles
Medical Center llz‘?gdl eﬂ(?lislljt&l D\r}\fzz 401 (540) 368-3700 Ug;cg;gre northeast of
(Kaiser Permanente) g Site A
Mary Washington 1001 Sam Perry Boulevard, (540) 741-1100 Emergency iglrfr?er;sitlisf
Hospital Fredericksburg, VA 22401 Services Site A

The following table lists the Sheriff and Animal Control Facilities contacts for the Project.

Local Police and

Distance from

Fredericksburg Police
Department

2200 Cowan Blvd, Fredericksburg, VA

22401

Sheriff Station LebliEs etz Bl S37 Project Site
. . 9119 Dean Ridings Ln, Spotsylvania 10 miles east of
Spotsylvania Sheriff Courthouse, VA 22553 (540) 507-7200 Site A
Orange County 15.4 miles west
Sheriff's Office 11350 Porter Rd, Orange, VA 22960 (540) 672-1200 of Site C
18.9 miles

(540) 373-3122

northeast of
Site A

Spotsylvania Animal
Control

450 Tv Dr,
Fredericksburg, VA 22408

(540) 582-7115

12 miles east of
Site A

The following table lists the sPower contacts for the Project.

Description Name Phone Number
sPower Safety Manager Terry Barnhill (661) 371-6019
sPower Operations and Maintenance Director Robb Wilson (520) 304-1544
sPower Operations Manager TBD TBD

sPower 24-Hour Control Room

Control Room

(855) 679-3553
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1TBD contacts will be provided prior to construction.

Appendix B

Site Access Routes

(addresses to be provided prior to operation)
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From: Patrick White

Sent: Tuesday, November 27, 2018 12:02 PM

To: Daniel Menahem

Cc: Wanda Parrish; Jay Cullinan; Matt Embrey; Phil Sullivan; Alexandra
Spaulding; David Ansell

Subject: RE: More answers

Thanks Daniel, sharing w/ the team.

From: Daniel Menahem [mailto:dmenahem@spower.com]
Sent: Tuesday, November 27,2018 11:25 AM

To: Patrick White <PWhite@spotsylvania.va.us>

Subject: More answers

Patrick

I can’t find your original email but you asked the following (with answers):

Detail the Lighting Protection Measures (to include requirements for grounding and surge
protection for solar arrays and inverters).

The project design will utilize standard solar industry equipment and design standards
including IEC 62305 Standard - Protection against lightning, provides general
principles to be followed for protection of structures against lightning, including their
installations and contents, as well as persons. The PV racking, all related equipment and
systems, including the fence are grounded as required for protection. All structures shall
be connected to the common grounding network, and this will provide a low resistance
path for the strike to the ground as the common grounding network will have more than
several miles of connected buried bare copper conductor.

What is the maximum speed that will the solar panels will hold up in a hurricane?

The panel themselves are rated for over 2000 Pascals of pressure and have gone through
extensive testing to prove their durability. The module manufacturer may have more
detail for you on the types of testing performed.

Daniel Menahem | Sr Manager, Solar Development
0: 801.679.3513
M: 202.390.7772

SsPOWER
Sustainable Power Group
2180 South 1300 East, Suite 600

Salt Lake City, UT 84106

www.sPower.com
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