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The increasing presence of utility-scale solar pho-
tovoltaic (PV) systems (sometimes referred to as
solar farms) is a rather new development in North 
Carolina’s landscape. Due to the new and un-
known nature of this technology, it is natural for 
communities near such developments to be con-
cerned about health and safety impacts. Unfortu-
nately, 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 dan-
gers to their neighbors. The most important dan-
gers 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-fu-
el-fired electric generators, the overall impact of 
solar development on human health is overwhelm-
ingly 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 (SO2), nitrogen ox-
ides (NOx), and fine particulate matter (PM2.5). 
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 quali-
ty benefits to the southeast region from solar PV 
generators to be worth 8.0 ¢ per kilowatt-hour of 
solar generation.1

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 technol-
ogy and its potential impacts have been studied 
since the 1950s. A combination of this solar-spe-
cific research and general scientific research has 
led to the scientific community having a good un-
derstanding of the science behind potential health 
and safety impacts of solar energy. This paper uti-
lizes the latest scientific literature and knowledge 
of solar practices in N.C. to address the health 
and safety risks associated with solar PV technol-
ogy. These risks are extremely small, far less than 
those associated with common activities such as 
driving a car, and vastly outweighed by health ben-
efits 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 catego-
ries:
(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 en-
danger 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 poten-
tial 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 im-
pacts 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

(a) 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 bolt-
ed 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.
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Figure 1: Utility-scale solar facility (5 MWAC) located in Catawba County. Source: Strata Solar



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 technol-
ogies used in PV panels at utility-scale solar facil-
ities, 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 con-
sists 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 so-
lar 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 c 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.

1.2 • System Components
1.2.1 Solar Panels: Construction and Durability
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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 pan-
el, which may also be tempered. The plastic eth-
ylene-vinyl acetate (EVA) commonly provides the 

cell encapsulation. For decades, this same mate-
rial has been used between layers of tempered 
glass to give car windshields and hurricane win-
dows 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.
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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/pho-
to/115259576/broken_solar_panel.jpg

PV panels constructed with the same basic com-
ponents as modern panels have been installed 
across the globe for well over thirty years.3 The 
long-term durability and performance demonstrat-
ed over these decades, as well as the results of 
accelerated lifetime testing, helped lead to an in-
dustrystandard 25-year power production warran-
ty for PV panels. These power warranties warrant 
a PV panel to produce at least 80% of their origi-
nal 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.4

Local building codes require all structures, includ-
ing ground mounted solar arrays, to be engineered 
to withstand anticipated wind speeds, as defined 
by the local wind speed requirements. Many rack-

ing products are available in versions engineered 
for wind speeds of up to 150 miles per hour, which
is significantly higher than the wind speed require-
ment anywhere in North Carolina. The strength of 
PV mounting structures were demonstrated during 
Hurricane Sandy in 2012 and again during Hurri-
cane Matthew in 2016. During Hurricane Sandy, 
the many large-scale solar facilities in New Jer-
sey and New York at that time suffered only minor 
damage.5 In the fall of 2016, the US and Carib-
bean experienced destructive winds and torrential 
rains from Hurricane Matthew, yet one leading so-
lar tracker manufacturer reported that their numer-
ous systems in the impacted area received zero 
damage from wind or flooding.6

In the event of a catastrophic event capable of dam-
aging solar equipment, such as a tornado, the sys-
tem will almost certainly have property insurance
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that will cover the cost to cleanup and repair the 
project. It is in the best interest of the system own-
er 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 cover-
age 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 sili-
con-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 I pan-
els. Tier I panels are from well-respected manu-
facturers that have a good chance of being able 
to honor warranty claims. Tier I panels are under-
stood to be of high quality, with predictable perfor-
mance, durability, and content. Well over 80% (by 
weight) of the content of a PV panel is the tem-
pered 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 togeth-
er, 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 (SiO2) that removes its oxygen 
molecules. The refined silicon is converted to a 
PV cell by adding extremely small amounts of bo-
ron 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.7 
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 cop-
per tabs from the back of one cell to the front of the 
next cell. Traditionally a tin-based solder contain-
ing some lead (Pb) is used, but some manufactur-
ers have switched to lead-free solder. The glass 
frit and/or the solder may contain trace amounts of 
other metals, potentially including some with hu-
man 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 neg-
ative 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.
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As with many electronic industries, the solder in sil-
icon PV panels has historically been a leadbased 
solder, often 36% lead, due to the superior prop-
erties 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 responsibili-
ty 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 man-
ufactured goods.8 The Restriction of Hazardous 
Substances (RoHS) standard requires that the 
maximum concentration found in any homog-
enous 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.9

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.10 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 envi-
ronmental 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 sus-
tainable and economically viable.”

The use of lead is common in our modern econo-
my. 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 encapsu-
late the pounds of lead contained in each typical 
automotive battery. This puts the lead in batteries 
at great risk of leaching into the environment. Es-
timates 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.11 At 13 g/panel12, 
each panel contains one-half of the lead in a typi-
cal 12-gauge shotgun shell. This amount equates 
to roughly 1/750th of the lead in a single car bat-
tery. In a panel, it is all durably encapsulated from 
air or water for the full life of the panel.14

As indicated by their 20 to 30-year power warran-
ty, 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 out-
put 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 life-
time. In extreme experiments, researchers have 
shown that lead can leach from crushed or pulver-
ized panels.15, 16 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.17,18 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 expo-
sure for the operating lifetime of the solar panel and 
thus not at risk of release into the environment.
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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 significant-
ly 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 environ-
mental impacts from the use of this PV technology 
are related to the concern that these panels con-
tain cadmium, a toxic heavy metal. However, sci-
entific studies have shown that cadmium telluride 
differs from cadmium due to its high chemical and 
thermal stability.19 Research has shown that the 
tiny amount of cadmium in these panels does not 
pose a health or safety risk.20 Further, there are 
very compelling reasons to welcome its adoption 
due to reductions in unhealthy pollution associat-
ed with burning coal. Every GWh of electricity gen-
erated by burning coal produces about 4 grams of 
cadmium air emissions.21 Even though North Car-
olina produces a significant fraction of our elec-
tricity 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 MWDC) CdTe solar 
facility in North Carolina keeps about 157 grams, 
or about a third of a pound, of cadmium out of our 
environment.22, 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,24 
which has 1/100th the toxicity of free cadmium.25 
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.27

It is important to understand the source of the cad-
mium 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, ce-
mented and buried, or disposed of.28 Nearly all the 
cadmium in old or broken panels can be recycled 
which can eventually serve as the primary source 
of cadmium for new PV panels.29

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 (to-
gether >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,30 similar to the pro-
cess used to recycle CdTe panels. Like many sil-
icon-based panels, CdTe panels are reported (as 
far back ask 199831 to pass the EPA’s Toxic Char-
acteristic Leaching Procedure (TCLP) test, which 
tests the potential for crushed panels in a landfill to 
leach hazardous substances into groundwater.32 
Passing this test means that they are classified 
as non-hazardous waste and can be deposited in 
landfills.33,34 For more information about PV panel 
end-of-life, see the Panel Disposal section.

There is also concern of environmental impact re-
sulting from potential catastrophic events involv-
ing CdTe PV panels. An analysis of worst-case 
scenarios for environmental impact from CdTe PV
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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.”35 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 condu-
cive (larger module pieces, less acidity) to leach-
ing than the conditions of the EPA’s TCLP test 
used to simulate landfill conditions, which CdTe 
panels pass.36

First Solar, a U.S. company, and the only signifi-
cant supplier of CdTe panels, has a robust panel 
take-back and recycling program that has been 
operating commercially since 2005.37 The compa-
ny states that it is “committed to providing a com-
mercially attractive recycling solution for photovol-
taic (PV) power plant and module owners to help 
them meet their module (end of life) EOL obliga-
tion simply, costeffectively and responsibly.” First 
Solar global recycling services to their custom-
ers 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 afford-
able source of raw materials needed for new pan-
els 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, of-

ten referred to as CIGS, is the second most com-
mon 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).38 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 pan-
els 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.39 Recently, 
a CIGS manufacturer based in Japan, Solar Fron-
tier, has achieved some market success with a rig-
id, glass-faced CIGS module that competes with 
silicon panels. Solar Frontier produces the major-
ity of CIS panels on the market today.40 Notably, 
these panels are RoHS compliant,41 thus meeting 
the rigorous toxicity standard adopted by the Eu-
ropean Union even thought this directive exempts 
PV panels. The authors are unaware of any com-
pleted 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 sub-
section. To put the volume of PV waste into per-
spective, 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.42 In the U.S., end-of-life disposal of so-
lar products is governed by the Federal Resource 
Conservation and Recovery Act (RCRA), as well 
as state policies in some situations. RCRA sepa-
rates waste into hazardous (not accepted at ordi-
nary landfill) and solid waste (generally accepted
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at ordinary landfill) based on a series of rules. Ac-
cording 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 dis-
posal and determine the risk of hazardous sub-
stances leaching out of the landfill.43,44,45 Multiple 
sources report that most modern PV panels (both 
crystalline silicon and cadmium telluride) pass the 
TCLP test.46,47 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.48,49

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 sub-
stances 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 pro-
vide overly conservative estimates of leaching for 
field-damaged panels.50 Additionally, research in 
Japan has found no detectable Cd leaching from 
cracked CdTe panels when exposed to simulated 
acid rain.51

Although modern panels can generally be land-
filled, they can also be recycled. Even though 
recent waste volume has not been adequate 
to support significant PV-specific recycling in-
frastructure, 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 report-
ed 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 re-
cycling firms. In early 2017, a PV developer re-
ported 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 alumi-
num frame for local recycling and removing the 
wire leads for local copper recycling. The remain-
der of the panel is sent to a facility for processing 
the non-metallic portions of crushed vehicles, re-
ferred to as “fluff” in the recycling industry.52 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-spe-
cific 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 pro-
duced 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.53 PV-specific panel recy-
cling technologies have been researched and im-
plemented to some extent for the past decade, and 
have been shown to be able to recover over 95% 
of PV material (semiconductor) and over 90% of 
the glass in a PV panel.54

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 partner-
ship 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 di-
rective, a program for waste electrical and elec-
tronic equipment.55 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
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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 2015.56

In 2012, the WEEE Directive added the end-of-life 
collection and recycling of PV panels to its scope.57 
This directive is based on the principle of extend-
ed-producer-responsibility. It has a global impact be-
cause 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 pro-
gram with the guidance and support of many leading 
PV panel producers.58 The program will aggregate 
the services offered by recycling vendors and PV 
manufacturers, which will make it easier for consum-
ers to select a cost-effective and environmentally re-
sponsible 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 net-
work 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 sec-
tion has shown that the positive health impacts 
of reduced emissions from fossil fuel combustion 
from PV systems more than outweighs any poten-
tial risk. Testing shows that silicon and CdTe pan-
els 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 facili-
ty generally exceeds general contractor estimates 
for the cost to remove the entire PV system.59,60,61

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 inves-
tigates any potential public health and safety con-
cerns. 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 rack-
ing is galvanized steel and the remaining above-
ground racking components are either galvanized 
steel or aluminum, which are both extremely com-
mon and benign building materials. The inverters 
that make the solar generated electricity ready to 
send to the grid have weather-proof steel enclo-
sures that protect the working components from 
the elements. The only fluids that they might con-
tain are associated with their cooling systems, 
which are not unlike the cooling system in a com-
puter. Many inverters today are RoHS compliant. 

The electrical transformers (to boost the inverter 
output voltage to the voltage of the utility connec-
tion point) do contain a liquid cooling oil. However, 
the fluid used for that function is either a nontoxic 
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 min-
eral oils. Significant health hazards are associ-
ated 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.
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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 technol-
ogies continue to improve and prices continue to 
decline we are likely to start seeing some batter-
ies at solar facilities. Lithium ion batteries current-
ly dominate the world utility-scale battery market, 
which are not very toxic. No non-panel system 
components were found to pose any health or en-
vironmental 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 pat-
tern 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’ life-
time; however, nothing more than soap and water 
are required for this activity.

The maintenance of ground-mounted PV facili-
ties requires that vegetation be kept low, both for 
aesthetics and to avoid shading of the PV panels. 
Several approaches are used to maintain vegeta-
tion at NC solar facilities, including planting of lim-
ited-height species, mowing, weed-eating, herbi-
cides, and grazing livestock (sheep). The following 
descriptions of vegetation maintenance practices 
are based on interviews with several solar devel-
opers 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 pri-
marily by mowing. Each row of panels has a single 
row of supports, allowing sickle mowers to mow 
under the panels. The sites usually require mow-
ing about once a month during the growing sea-
son. 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.62

In addition to mowing and weed eating, solar fa-
cilities 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 re-
stricted use herbicides commonly used in com-
mercial 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 inter-
viewed 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 appli-
cator 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 facili-
ties in N.C. generally use significantly less herbi-
cides per acre than most commercial agriculture 
or lawn maintenance services.
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2. Electromagnetic 
Fields (EMF)
PV systems do not emit any material during their 
operation; however, they do generate electromag-
netic fields (EMF), sometimes referred to as radi-
ation. EMF produced by electricity is non-ionizing 
radiation, meaning the radiation has enough en-
ergy to move atoms in a molecule around (experi-
enced 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.63 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 
µT (microteslas) (equal to 3.0 to 4.0 mG (milli-
gauss)). µT and mG are both units used to mea-
sure magnetic field strength. For comparison, the 
average exposure for people in the U.S. is one 
mG or 0.1 µT, with about 1% of the population 
with an average exposure in excess of 0.4 µT (or 
4 mG).64 These epidemiological studies, which 
found an association but not a causal relation-
ship, led the World Health Organization’s Interna-
tional Agency for Research on Cancer (IARC) to 
classify ELF magnetic fields as “possibly carcino-
genic to humans”. Coffee also has this classifi-
cation. 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 µT (4 mG) that may have some con-
nection to increased cases of childhood leuke-
mia. In 1997, the National Academies of Science 
were directed by Congress to examine this con-
cern and concluded:

“Based on a comprehensive evaluation of pub-
lished studies relating to the effects of power-fre-
quency electric and magnetic fields on cells, tis-
sues, 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 evi-
dence shows that exposures to residential electric 
and magnetic fields produce cancer, adverse neu-
robehavioral effects, or reproductive and develop-
mental effects.”65

There are two aspects to electromagnetic fields, 
an electric field and a magnetic field. The elec-
tric field is generated by voltage and the mag-
netic field is generated by electric current, i.e., 
moving electrons. A task group of scientific ex-
perts convened by the World Health Organiza-
tion (WHO) in 2005 concluded that there were no 
substantive health issues related to electric fields 
(0 to 100,000 Hz) at levels generally encoun-
tered by members of the public.66 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 sec-
tion 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 elec-
tric generation and weaken quickly with distance 
from the source.
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The direct current (DC) electricity produced by PV 
panels produce stationary (0 Hz) electric and mag-
netic fields. Because of minimal concern about po-
tential risks of stationary fields, little scientific re-
search has examined stationary fields’ impact on 
human health.67 In even the largest PV facilities, 
the DC voltages and currents are not very high. 
One can illustrate the weakness of the EMF gen-
erated by a PV panel by placing a compass on an 
operating solar panel and observing that the nee-
dle 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) elec-
tricity matching the 60 Hz frequency of the grid. 
Therefore, the inverters and the wires delivering 
this power to the grid are producing non-station-
ary 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 ex-
posure depends upon the sources they encounter, 
how close they are to them, and the amount of 
time they spend there.68 As stated above, the av-
erage exposure to magnetic fields in the U.S. is 
estimated to be around one mG or 0.1 µT, but can 
vary considerably depending on a person’s expo-
sure to EMF from electrical devices and wiring.69 
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 micro-
wave oven the field is about 50 mG.70 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 fence of electrical sub-
stations containing high voltages and currents are 
considered “generally negligible”.71,72

The strength of ELF-EMF present at the perimeter 
of a solar facility or near a PV system in a commer-
cial or residential building is significantly lower than 
the typical American’s average EMF exposure.73,74 
Researchers in Massachusetts measured mag-
netic 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.75 Even when measured 
within a few feet of the utility-scale inverter, the 
ELF magnetic fields were well below the Interna-
tional Commission on Non-Ionizing Radiation Pro-
tection’s recommended magnetic field level ex-
posure limit for the general public of 2,000 mG.76 
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 in-
verter’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.77 Manufacturers 
of potentially affected implanted devices often pro-
vide advice on electromagnetic interference that 
includes avoiding letting the implanted device get 
too close to certain sources of fields such as some
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household appliances, some walkie-talkies, and 
similar transmitting devices. Some manufactur-
ers’ literature does not mention high-voltage pow-
er 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.78

3. Electric Shock and 
Arc Flash Hazards
There is a real danger of electric shock to any-
one 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.79 Another electrical 
hazard is an arc flash, which is an explosion of en-
ergy 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 seri-
ous injury or death. Properly trained and equipped 
technicians and electricians know how to safely 
install, test, and repair PV systems, but there is al-
ways 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 inju-
ry or death due to electric shock and arc flash, The 
National Electric Code (NEC) requires appropriate 
levels of warning signs on all electrical compo-
nents 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. How-
ever, 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), plas-
tic 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 en-
ergy from an electrical fault can ignite a PV panel.80 
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.81 While it is possible for electri-
cal faults in PV systems on homes or commercial 
buildings to start a fire, this is extremely rare.82 
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 super-
heated 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
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latest National Electric Code has added require-
ments that make it easier for first responders to 
safely and effectively turn off a PV system. Con-
cern for firefighting a building with PV can be re-
duced 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.

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

• Photovoltaic Systems and the Fire Code: 
Office of NC Fire Marshal

• Fire Service Training, Underwriter’s Labo-
ratory

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

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

• Guidelines for Fire Safety Elements of So-
lar Photovoltaic Systems, Orange County 
Fire Chiefs Association

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

• PV Safety & Firefighting, Matthew Paiss, 
Homepower Magazine

• PV Safety and Code Development: Mat-
thew Paiss, Cooperative Research Network

Summary
The purpose of this paper is to address and al-
leviate 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) Electro-
magnetic Fields, (3) Electric Shock and Arc Flash, 
and (4) Fire. In each of these sections, the nega-
tive 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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Introduction
For centuries North Carolina farmers have made 
a major contribution to the state’s economy by 
working the land and providing billions of pounds 
of agricultural and forestry products to meet de-
mands for food and fiber. This resource serves as a 
foundational economic building block for the state. 
North Carolina’s farming and forestry community 
provides North Carolinians and people across the 
world with food and fiber. That said, the demands 
of our growing, modern society require renewable 
forms of energy to begin to replace finite non-re-
newable energy resources that have traditionally 
provided the means for transportation, electricity, 
and much more. 

Given that land and climatic conditions suitable for 
agriculture are finite, solar development may com-
pete with agricultural land use. One use converts 
sunlight and fertilizer into food and fiber, while the 
other converts sunlight into electricity. The purpose 
of this paper is to explore the extent to which so-
lar photovoltaic facilities and agricultural production 
compete for land use, as well as the extent to which 
agricultural production is affected by solar develop-
ment. The paper is divided into two sections:

(1) Understanding the Context of Solar Develop-
ment and Agriculture in North Carolina.

(1.1) Developing Renewable Energy,
(1.2) Landowner Land Use Choice,
(1.3) Solar Facility Construction,
(1.4) Duration of Solar Use,

(2) Weighing the Impact of PV Development on 
Agriculture

(2.1) Solar PV Land Use
(2.2) Impact on Agricultural Productivity

1. Understanding  
the Context of Solar  
Development and  
Agriculture in NC
This section provides some background on so-
lar development in North Carolina. By illustrating 
the existing demand for renewable energy (1.1), 
touching on the state’s political climate towards 
private land use (1.2), and highlighting two import-
ant considerations of PV development (1.3 and 
1.4), the context surrounding the two competing 
land uses of solar development and agriculture 
can be better understood. As agriculture is and 
has been a dominant, established land use in this 
state for generations, discussion in this section will 
primarily focus on the increasing demands of land 
to be used for solar development. 

1.1 Developing  
Renewable Energy
Currently, almost all of North Carolina’s electric-
ity is generated from fuels, such as coal, natural 
gas, and uranium, which are produced outside 
the state. Some coal plants in North Carolina 
are reaching the end of their useful lives and be-
ing retired.1,2 Alternative sources of energy, such 
as solar and wind, have become much more



economically attractive in the last several years, 
making it possible to economically replace some 
nuclear, coal, and gas electricity generation with 
these sources.3

More than three hundred privately financed utili-
ty-scale solar facilities operate in North Carolina 
under current electricity prices, regulations, and 
policies, with more planned for the future. As with 
any new technology, price drops and performance 
improvements may be expected over time as 
production volumes increase and experience is 
gained. Since 2009, the total cost to develop and 
build a utility-scale solar facility in North Carolina 
has dropped from over $5 per watt to about $1 
per watt. This rapid cost reduction in utility-scale 
solar facilities has greatly improved the financial 
viability of solar projects; many solar projects are 
now being planned even without the North Caroli-
na renewable energy tax credit that expired at the 
end of 2015.4,5

In addition to the increasingly attractive economics, 
some of the shift towards solar energy has been 
driven by policy choices. Solar and other types of 
renewable energy have many benefits that have 
motivated support from policymakers. For instance, 
they do not use imported fuel, reducing our expo-
sure to fuel price volatility. Solar energy also does 
not produce the air pollution and greenhouse gas-
es emitted by fossil fuel-powered electricity genera-
tion,  and it avoids some other environmental risks 
associated with fossil and nuclear fuels such as 
coal ash and radioactive waste disposal. Reduction 
of air pollution has been part of state and national 
policy for decades, and the U.S. has seen steadily 
improving air quality as a result6 Solar and other 
clean energy sources assist in this ongoing reduc-
tion in air pollution.

Solar energy offers many benefits to North Caroli-
na. However, while solar development provides a 
source of clean in-state energy, it requires land to 
do so. This means that solar energy projects will 
sometimes compete with other potential land uses.

1.2 Landowner  
Land Use Choice
North Carolina policy generally leaves land use 
decisions in the hands of landowners. That said, 
the state, local, and federal governments can en-
courage or discourage specific landowner choices 
through the incentives or disincentives that they 
provide for particular uses, as well as through 
various forms of regulation, such as zoning rules 
and environmental restrictions. The balance of 
state-provided incentives for agricultural or solar 
energy production can, in some cases, be the de-
termining factor in the decision to invest in solar 
or agriculture development. Also, the current grid 
infrastructure limits the sites feasible for solar de-
velopment; it is only feasible to connect solar to 
certain locations in the grid and only to a limited 
density.

North Carolina has granted local governments the 
power to regulate land use in their jurisdictions, 
although state and federal rules apply in many cir-
cumstances. This means that local governments 
can manage land development with the needs of 
the community in mind, while also safeguarding 
natural resources. These land-use regulations can 
put limits on the allowed uses for some land and 
thus limit landowners’ options, in some cases af-
fecting the viability of solar development. Some 
agricultural land has been exempted from certain 
regulations due to “grandfathering,” and changing 
the land use to solar may remove these exemp-
tions, which can affect the ability to return the land 
to agricultural use in the future.7

Land use regulations that may be relevant to solar 
development, depending on the location, can in-
clude (but are not limited to):8

• Local zoning and land use rules (fencing, 
buffer zones between buildings and roads, 
border shrubs/trees, etc.)

• Floodplain development rules
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• Erosion and sedimentation rules
• Permitting regarding military and air traffic im-

pact
• Water quality rules (i.e. Neuse nutrient strategy 

rules, Coastal Area Management Act rules)
• USDA wetlands impact rules

To determine whether these and other rules are 
relevant for a potential solar development, land-
owners and solar developers should consult their 
local government planning departments, the Soil 
and Water Conservation Division of the N.C. De-
partment of Agriculture and Consumer Services, 
the USDA Natural Resources Conservation Ser-
vice office, and the USDA Farm Services Agency. 

1.3 Solar Facility  
Construction
Solar panels are supported by steel or aluminum 
racks. The racks are attached to galvanized steel 
posts driven 6-8 feet into the ground without con-
crete, although very occasionally, site conditions 
require the use of cement grout in the pile hole. 
The only concrete is generally at the inverter/trans-
former pads which are typically about 10’ by 20’ 
each. There is usually no more than one such pad 
per MW of AC capacity.  At some sites these pads 
are precast concrete or steel skids that sit above 
grade on helical steel piers. Much of the wiring at 
the site is above-ground attached to the racking 
under the rows of panels. The rest of the wiring is 
2 to 3 feet underground either as direct-bury ca-
bles or in 2”-6” PVC conduit. Most sites involve 
minimal grading of the land.  

Every site provides access for vehicles, which 
requires roads, or “access aisles,”  to be con-
structed. These roads are sometimes improved 
with gravel, but they do not require application of 
concrete or asphalt. Many sites only use grav-
el close to the entry to the public Right of Way, 
as required by NCDOT regulation, with the rest 

of the access aisles  as simply compacted na-
tive soil. Some developers use reusable wooden 
logging mats to provide temporary stabilization 
during construction to avoid the need for the ad-
dition of gravel. A best practice when building a 
gravel access aisle is to strip the organic top-
soil, place a geotextile fabric under the aggre-
gate and redistribute the topsoil on site to assist 
in soil stabilization.  This will provide stability for 
the aggregate, allow for more efficient removal 
of the gravel at the end of the project’s life cycle 
by providing separation between aggregate and 
subgrade, while preserving the valuable topsoil 
on site for future agricultural use.  Well-drafted 
leases will specify allowable construction tech-
niques and locations of roads and other infra-
structure. The NC Department of Environmental 
Quality (DEQ) requires soil erosion and sedimen-
tation control plans and permits and inspects im-
plemented measures on the site until vegetative 
groundcover is established.

1.4 Duration of Solar Use
Currently in North Carolina most utility-scale solar 
projects have a 15-year Power Purchase Agree-
ment (PPA) with the local electric utility. Some de-
velopers prefer to purchase the land, while others 
prefer to lease, depending on the project’s busi-
ness model and financing arrangements. Typical 
land leases have a term of 15 to 30 years, often 
with several optional 5-year extensions.10 While 
specific lease rates are generally undisclosed, 
in our understanding lease rates often range be-
tween $500 and $1,000 per acre per year. Most 
solar PV panel manufacturers include a 25-year 
power warranty on their panels, which cover the 
panels to produce at least 80% of their original 
power output at the expiration of the warranty pe-
riod. 

Modern solar facilities may be considered a tem-
porary, albeit long-term, use of the land, in the 
sense that the systems can be readily removed
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from the site at the end of their productive life. At 
this point, the site can be returned to agricultur-
al use, albeit with a potential for some short-term 
reduction in productivity due to loss of topsoil, 
compaction, change in pH, and change in avail-
able nutrients. Leasing farmland for solar PV use, 
particularly land that is not actively being farmed 
today, is a viable way to preserve land for potential 
future agricultural use. PV use is particularly valu-
able in this regard when compared to commercial 
or residential development, which require chang-
es to the land that are very difficult to reverse. For 
landowners struggling to retain ownership of their 
land due to financial strains, solar leasing may 
provide a vital, stable income solution. It may also 
serve as  a more appealing alternative to selling 
their land to buyers intending to use the land for 
other, more permanent non-agricultural uses.

While it is very difficult to predict the state of elec-
tricity, agriculture, and real estate markets 25 or 
more years into the future, existing circumstances 
can provide some insight into the likelihood of to-
day’s solar facilities continuing as solar facilities 
at the end of the initial PV modules’ useful life-
time. The he economics of existing solar facilities 
are such that many of the projects built today are 
likely to update some of their equipment after 20 
or more years and continue to operate as a solar 
electricity facility for many more years. The ability 
to facilitate interconnection to the electric grid pro-
vides great value to a landowner. A parcel of land 
featuring this capability in today’s market will likely 
also appeal to solar developers in the future due to 
the infrastructure cost savings.      

2. Weighing the Impact 
of PV Development on 
Agriculture
The purpose of this section is to explore how the 
competing land uses of solar development and ag-

riculture interact and can coexist with each other. 
Subsection 2.1 provides analysis of data and met-
rics that quantify the current and potential amount 
of solar development on agricultural land in North 
Carolina. Subsection 2.2 explores the impacts that 
solar development could have on future agricul-
tural production on the developed site and neigh-
boring properties. Taken together, Section 2 of 
this factsheet provides several factors to consider 
when weighing the impact of PV development on 
agriculture. 

2.1 Solar PV Land-Use
The NC Sustainable Energy Association (NCSEA) 
with the North Carolina Department of Agriculture 
and Consumer Services (NCDA&CS) used  GIS 
software to quantify the amount of solar land use. 
As of December 2016, solar installations occu-
pied 0.2 percent (9,074 acres) of North Carolina’s 
4.75 million acres of cropland.11 NCDA&CS has 
provided an updated estimate; they estimate that 
14,864 acres of cropland, or 0.31 percent of the 
total, were occupied by solar development at the 
end of the first quarter of 2017.12 NCSEA and NC-
DA&CS were able to locate and quantify solar use 
for 318 of 341 currently-installed utility-scale facil-
ities in North Carolina. A map of the solar installa-
tions in the state prepared by NCSEA is available 
at: http://energyncmaps.org/gis/solar/index.html.13 
The researchers extrapolated the per-MW findings 
of the 318 sites found in aerial photos to generate 
an estimate for the remaining 23 projects not yet 
visible in the latest aerial photography. Across all 
projects, 79% of solar project area was formerly 
farmland, defined as land identified from aerial 
photography to have been used for crops, hay, or 
pasture before solar development. On average, 
the solar projects occupied 5.78 acres per MWAC.

N.C. has been losing farmland to various forms 
of development for many years. Over the last de-
cade, North Carolina has lost about one million 
acres of cropland to development and housing.
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Since 1940, total cropland in N.C. has fallen from 
8.42 million acres to 4.75 million acres (as of 
2012). The North Carolina Department of Agricul-
ture has identified farmland preservation as one of 
its top priorities since 2005.

As of the end of 2016, solar PV installations added 
2,300 MWAC of solar generating capacity to North 
Carolina’s electricity grid, making NC second in 
the nation for installed solar PV capacity. These 
installations generate enough electricity to pow-
er approximately 256,000 average N.C. homes, 
equaling 6.2% of all households in the state.14 NC-
SEA and NCDA&CS published the summary of 
their land-use analysis in February of 2017 and 
NCSEA released a report on this research in April 
of this year.15

If the current siting and production trends were to 
continue until ground-mounted solar produced, on 
average, an amount of electricity equal to 100% of 
N.C.’s current electricity use, solar facilities would 
cover about 8% of current N.C. cropland.16 This 
is an unrealistic extreme to illustrate the limited 
possible magnitude of land usage for solar even 
at very high solar generation levels, yet even this 
scenario would occupy only about half of the N.C. 
cropland acreage lost to development in the last 
10 years. Even if solar were to provide all of our 
electricity, ground-mounted utility-scale solar will 
almost certainly not be the only source of electric-
ity. As PV prices continue to decline it is likely that 
North Carolina will see more and more rooftop and 
parking lot canopies, reducing the need for green 
field development. A recent Department of Energy 
study found that rooftop systems have the techni-
cal capability to meet 23.5% of North Carolina’s 
electricity demand.17

A more likely scenario, even assuming that fossil 
fuel and nuclear based electricity is entirely phased 
out, is that other sources of renewable electricity 
and technologies will meet a large portion of our 
electricity needs. A Stanford University study of 
the optimal mix of renewable energy sources for 

each state to achieve 100% renewable energy 
found that North Carolina would get only 26.5% of 
its electricity from utility-scale solar plants.18 At this 
still highly expanded level of solar development, 
based off of the 8.3% land use for 100% solar fig-
ure calculated earlier, the amount of NC cropland 
used for solar would be around 2.2%.

More realistically, in the next decade or two, solar 
electricity may grow to provide around 5 – 20% of 
North Carolina’s electricity, which would allow so-
lar to meet, or nearly meet, the full requirements of 
the North Carolina Renewable Energy and Energy 
Efficiency Portfolio Standard. At the 12.5% REPS 
requirement, this is about 13 GWAC of PV, which 
will require about 75,000 acres of land at the aver-
age historic density found in the NCCETC/NCDA 
study. This is not an insignificant amount of land, 
but if split between agricultural and non-agricul-
tural land at the same ratio as the first 2.3 GW 
installed in NC this represents about 1.1% of crop-
land in the state. NCSEA projects that by 2030, 
utility-scale solar will provide 5.03% of North Car-
olina’s electricity and use 0.57% of available crop-
land.19

Solar energy’s land use requirements are compa-
rable to those of existing energy sources. Accord-
ing to an MIT study, supplying 100% of U.S. elec-
tricity demand in 2050 with solar would require 
us of about 0.4% of the country’s land area; this 
is only half the amount of land currently used to 
grow corn for ethanol fuel production, and about 
the same amount of land as has been disturbed by 
surface coal mining.20

For landowners interested in solar development, it 
is important to understand the agricultural value of 
the land before entering into a solar lease agree-
ment. Careful due diligence in the siting phase can 
help mitigate the use of the most valuable farm-
land. Landowners can contact their county tax of-
fice for property value information. The following 
online resources can assist landowners and de-
velopers in assessing the agricultural value of land
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before selecting the final footprint for solar devel-
opment:
• www.nrcs.usda.gov/wps/portal/nrcs/main/na-

tional/technical/nra/dma/ The USDA Natural 
Resources Conservation Service provides 
several tools in this link to identify soil types on 
property.

• www.ncmhtd.com/rye/ The North Carolina Re-
alistic Yields Database provides landowners 
with a useful mapping and soil analysis tool 
that produces realistic productivity yields for 
expected crops given the landowner’s property 
location and soil type.

2.2 Impact on  
Agricultural  
Productivity
This subsection provides an overview of impacts 
that solar development may have on agricultural 
land. The discussion of these impacts is divided 
into the following subtopics: construction grading 
and soil preservation, compaction, erosion, weed 
control, toxicity, and pollinators, followed by a brief 
discussion of decommissioning. The subtopic dis-
cussions illustrate that solar development, with 
proper planning and implementation, results in a 
small but manageable impact on the future agri-
cultural productivity of the land on which it is sited. 
Further, these discussions also illustrate that solar 
development is unlikely to significantly affect the 
agricultural productivity of neighboring properties 
now or in the future.  

Construction Grading and Soil Preservation

The amount of grading necessary to prepare a 
parcel for a utility-scale solar facility is dependent 
on the slope of land and the type of solar mount-
ing used. In much of N.C., fixed-tilt mounting of 
PV requires little to no grading for installation of 
the PV system. Single-axis tracking systems that 

slowly rotate each row of panels to track the sun’s 
path across the sky generally require flatter land 
(typically less than 8% grading) and thus more 
often require grading  of the site, particularly for 
projects in the Piedmont region or farther west. 
21 Typical construction practices require that top-
soil be stripped and stockpiled prior to cut/fill op-
erations. The stockpiled topsoil will be redistrib-
uted across graded areas, to assist in growing 
adequate ground cover as quickly as possible to 
provide ground stabilization. The stripping, stock-
piling and redistribution of topsoil in this manner 
will have some impact on the amount of organics 
and nutrients that remain in the soil immediately 
after placement. However, proper ground stabili-
zation practices include soil testing to determine 
the appropriate levels of lime, fertilizer and seed 
to be applied to establish ground cover. Proper in-
stallation practices require these additives to be 
tilled into the soil, which effectively reduces the 
compaction of the upper soil stratum, typically to 
a depth of 8”-12”. Typical solar projects will not re-
move any topsoil from the project site, partly due 
to financial implications, but more importantly due 
to its value in establishing ground cover as quickly 
as possible22 (removing soil also requires a min-
ing permit).23 Most landowners steer solar projects 
to their least productive soils on a given piece of 
property to the extent practical.24

Soil Quality

Modern agriculture relies on regular additions of 
lime and fertilizer to maintain soil pH and fertility. 
Solar facilities maintain vegetative ground covers 
that can help build soil quality over time, which 
may require lime and fertilizer to be applied. When 
the vegetation is cut, the organic matter is left in 
place to decompose which adds valuable organic 
matter to the soil. A facility operation and mainte-
nance schedule should include a plan for mainte-
nance of sufficient plant groundcover to protect soil 
from erosion.  Maintaining healthy plant cover will 
require monitoring of soil fertility and may call for 
the addition of fertilizer or lime to ensure sufficient 
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nutrients are available for plant growth and that soil 
pH is adequate. Vegetation mixes may help bal-
ance soil nutrient needs, but will need to be man-
aged.  Species composition will change over time.25   
NREL and others are researching and using vege-
tation mixes that include many native grasses with 
deep root systems; many include some nitrogen 
fixing plants as well. According to a study published 
in July 2016 that measured soil and air microcli-
mate, vegetation and greenhouse gas emissions 
for twelve months under photovoltaic (PV) arrays, 
in gaps between PV arrays and in control areas at 
a UK solar sited on species-rich grassland, UK sci-
entists found no change in soil properties among 
the three locations. After a solar project is removed, 
a routine soil test (available from the North Carolina 
Department of Agriculture) should be obtained to 
determine fertility requirements, including lime, for 
optimum crop production.

Compaction

Soil compaction can negatively impact soil produc-
tivity and will occur to some degree on every solar 
site. Soil compaction can also limit water infiltra-
tion into the soil environment, and lead to greater 
surface water runoff during rain events.27 In addi-
tion to the roads built in and around  solar project 
sites, the construction of the facility itself as well 
as regular use of lawn mowers compacts the soil, 
decreasing the ability of plant roots to grow. How-
ever, use of land as a solar site will avoid agricul-
ture-related activities that can induce compaction, 
such as tillage. There are no data available on the 
degree of compaction common at solar facilities, 
but it is possible that some sites could experience 
heavy compaction in frequently used areas. In 
cases of heavy compaction, hard pans in the soil 
will form that can take decades to naturally free 
up; however, tractor implements such as chisels 
and vibrators designed to break up hard pan can 
often remove enough compaction to restore pro-
ductivity. To prevent damage to soil due to com-
paction, landowners can negotiate for practices 
that will result in the least amount of compaction 

and for roads to be constructed on less produc-
tive land. Additionally, maintaining healthy ground-
cover, especially varieties with deep root systems, 
can serve to keep the soil arable for potential fu-
ture agricultural use. The appropriate use of alter-
native vegetative maintenance strategies, such as 
grazing with sheep, can reduce the use of mowing 
equipment onsite and therefore the compaction 
that may result from using this equipment.28 Fur-
thermore, livestock grazing works to cycle nutri-
ents in the pasture ecosystem onsite and improve 
the soil.

Erosion

According to its current Stormwater Design Manu-
al, the N.C. Department of Environmental Quality 
allows solar panels associated with ground-mount-
ed solar farms to be considered pervious if config-
ured such that they promote sheet flow of stormwa-
ter from the panels and allow natural infiltration of 
stormwater into the ground beneath the panels.29 
For solar development, an erosion control and 
sedimentation permit is required, which involves 
on-site inspections and approval by the North Car-
olina Department of Environmental Quality. The 
permit requires establishment of permanent veg-
etative ground cover sufficient to restrain erosion; 
according to DEQ staff, the site must be “complete-
ly stabilized,” although this does not require a spe-
cific percentage of ground cover.30 In-depth infor-
mation on erosion control and sedimentation laws, 
rules, principles, and practices is available at the 
NC DEQ’s website, at http://deq.nc.gov/about/divi-
sions/energy-mineral-land-resources/energy-min-
eral-land-permit-guidance/erosion-sediment-con-
trol-planning-design-manual. Once permanent 
vegetation is established it will be necessary to 
maintain soil pH and fertility as mentioned above 
in order to ensure sufficient, healthy, and continu-
ous ground cover for erosion control.

Weed and Vegetation Control

Maintenance of vegetation on site can be accom-
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-plished using several options, including but not 
limited to the following: mowing, weed eaters, her-
bicides, and sheep. Reductions in fertilizer use on 
the site will slow growth of vegetation and weeds. 
Mowing allows the landowner to have the option 
of laying cut grass or vegetation on grounds of site 
to decompose and improve long-term soil fertili-
ty. In some cases, landowners have used grazing 
animals, normally sheep, to frequent the solar site 
grounds and control the vegetation and weeds, 
which also returns organic matter to the soil on 
site.

Like most lawns and parks, many utility-scale so-
lar facilities in N.C. use a combination of mowing 
and herbicides to maintain the vegetation. When 
using herbicides, applicators are advised to be 
mindful of label instructions and local conditions. 
Herbicide persistence is affected by the organic 
matter content and moisture level of the soil. The 
importance of complying with legal responsibil-
ities in using the treatments cannot be stressed 
enough, especially for land located near surface 
water, land where the surface is near the water ta-
ble, or where application might carry over to other 
neighboring lands.

Herbicide use at solar facilities is typically similar 
to that in agriculture, and the types of herbicides 
used are similar between the two uses. As such, 
the impact of herbicides used at solar facilities on 
neighboring land and the environment is likely to 
be no more than that of conventional agriculture. 
Herbicide use differs widely among different crops 
and farming techniques, so the change in herbi-
cide appliance between agricultural and solar use 
will vary in individual cases, but in the aggregate, 
there is no reason to believe that solar facilities will 
result in more herbicide impacts on neighboring 
lands than do current agricultural uses.31 Herbi-
cide use can be discontinued 1-2 years before de-
commissioning of a site, minimizing any residual 
impact on crop production at former solar sites.32

A number of sites use sheep at low densities to 

maintain vegetation during the growing season, 
although the sheep do not fully replace the need 
for mowing and/or herbicide use. The sheep are 
leased from sheep farmers, and the demand for 
sheep at solar facilities has been beneficial for 
North Carolina’s sheep industry.33 The grazing of 
sheep at solar facilities incorporates local farm-
ers into the management of the sites, engaging 
the local community with solar development. The 
growth of solar farms represents a huge oppor-
tunity for the North Carolina sheep industry, with 
thousands of acres that are fenced well for sheep, 
and allow North Carolina farmers to diversify into 
new agricultural products for which there is in-
creasing demand.34

Toxicity

There is no significant cause for concern about 
leaking and leaching of toxic materials from solar 
site infrastructure.35 Naturally occurring rain is ad-
equate to generally keep the panels clean enough 
for good electricity production. If panels do need to 
be washed, the washing process requires nothing 
more than soap and water. Additionally, the mate-
rials used to build each panel provide negligible 
risk of toxic exposure to the soil, environment, or 
people in the community. Details about toxicity for 
aluminum and zinc are described below, and more 
information on the potential for human toxicity can 
be found in the NCSU Health and Safety Impacts 
of Solar Photovoltaics white paper. 

Aluminum

Aluminum is very common in soils around the 
world, including those common in North Car-
olina. In fact, the earth’s crust is about 7% 
aluminum, and most soils are over 1% alu-
minum!36 The aluminum is generally unavail-
able to plants as long as the soil pH is above 
about 5.5. In acidic soils many forms of alu-
minum become more bio-available to plants; 
this can be toxic to many plant species.37 This 
effect is one of the major reason many plants
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do not tolerate very acidic soils. The use of alu-
minum building materials releases negligible 
amounts of aluminum during their useful life be-
cause the material is so corrosion resistant.38 
The aluminum frames of PV modules are an-
odized which adds a very thin hard coating of 
aluminum oxide to the exterior of the aluminum 
that greatly improves aluminum’s already-high 
resistance to corrosion. Therefore, any minute 
amount of aluminum that could be released by 
corrosion from aluminum construction materials 
during the life of a solar project will not materi-
ally add to the thousands or millions of pounds 
of aluminum naturally present in the soil of a 
typical N.C. solar facility. The common practice 
of liming soils to maintain appropriate soil pH 
for crop systems alleviates most, if not all, con-
cerns about aluminum impacting crop growth in 
the future.

Zinc

Zinc from galvanized components, including 
support posts for solar panels, can move into 
the soil.39 Zinc from building material stock-
piles has been previously noted as a localized 
problem for peanut production in some North 
Carolina fields.40 While it is difficult to predict in 
advance the degree to which this will occur, it 
is relatively simple to collect soil samples and 
monitor this situation in existing installations. 
Analysis of zinc is included in routine soil test-
ing procedures used by the NC Department of 
Agriculture & Consumer Services Agronom-
ic Services Division Laboratory. Awareness of 
zinc concentrations in the soil, and any spatial 
patterns noted with depth and distance from 
structures, should allow producers to determine 
if the field is adequate for desired crops as is. If 
zinc limitations exist, awareness of concentra-
tions and spatial distribution patterns may indi-
cate the potential for deep tillage, liming, or crop 
selection alternatives required for successful 
agricultural use.  Of the agronomic crops grown 
in NC, peanuts are the most sensitive crop to 

zinc toxicity. Based on information from the 
N.C. Department of Agriculture and Consum-
er Services, there is risk of toxicity to peanuts 
when the zinc availability index (Zn-AI) is 250 
or higher, particularly in low-pH situations. Risk 
increases with increasing soil test levels, espe-
cially if pH management through a liming pro-
gram is not followed. For most other crops, zinc 
toxicity does not become problematic until the 
Zn-AI index reaches 2,000-3,000.41

Pollinators

Solar projects with appropriate vegetation can 
provide habitat for pollinators, as well as oth-
er wildlife.42 Rather than planting common turf 
grasses, some solar facilities are starting to 
use seed mixes of native grasses and pollina-
tor-friendly flowering plants as ground cover 
in solar facilities.43,44 This provides habitat for 
pollinators, which can be beneficial to neigh-
boring farms. Minnesota passed the country’s 
first statewide standards for “pollinator friendly 
solar” in 2016. According to Fresh Energy, a 
clean energy nonprofit in St. Paul, more than 
2,300 acres of these plants took root near solar 
panels last year, according to Fresh Energy.45 
Solar facilities can also cooperate with commer-
cial beekeepers to facilitate honey production, 
although this may conflict with providing habitat 
for wild pollinators.46,47 Pollinators provide ben-
efits for agricultural production at nearby farms 
where insect-pollinated crops are grown.48

Temperature Effects

Solar PV facilities can cause changes in the air 
and surface temperature of the space in which 
they are located. The effect of solar PV facili-
ties on surface and air temperatures is differ-
ent. Solar panels shade the ground on which 
they are located, reducing the surface (ground) 
temperature from what it would be without solar 
panels present.49 However, solar panels absorb 
solar radiation more effectively than do typical
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agricultural land surfaces due to their darker 
color, leading to an increase in air temperature 
directly above the solar panels as the absorbed 
radiation is released as heat. The decrease or 
increase for surface and air temperatures, re-
spectively, is around 2-4 degrees Celsius (3.6-
7.2 degrees Fahrenheit), depending on the type 
of land cover in the area.50, 51

Temperature effects on land outside the solar 
facility are much smaller. One study found that 
an air temperature increase of 1.9 degrees Cel-
sius directly over a solar farm dissipated to 0.5 
degrees Celsius at 100 meters in horizontal dis-
tance from the solar farm, and less than a 0.3 
degree increase at 300 meters.52 Another study 
found that a temperature difference of 3-4 de-
grees Celsius directly above a solar farm was 
dissipated to the point that it could not be mea-
sured at a distance of 100 feet from the solar 
farm’s edge.53 Meteorological factors can affect 
the range and size of any temperature effect on 
land nearby a solar facility, but even under very 
conducive circumstances the possible tempera-
ture increase for nearby land would be on the 
order of tenths of degrees. Studies have varied 
on the time at which temperature differences 
are most pronounced; one study noted as tak-
ing place in a desert landscape found that tem-
perature differences were larger at night,54 while 
another study found larger temperature differ-
ences during midday;55 differences in weather 
and landscape between the study locations 
may be responsible for the different results.

Decommissioning

If land used for a solar facility is to be returned to 
agricultural use in the future, it will be necessary 
to remove the solar equipment from the land. 
This process is known as decommissioning. 
Decommissioning is basically the construction 
process in reverse; it involves removal of the 
solar panels, breakup of support pads, removal 
of access roads, replacement of any displaced 

soil, and revegetation. 

Solar development often takes place on leased 
land, although it also occurs on land owned by 
solar companies. When leased land is involved, 
it must be determined whether the landowner 
or the solar developer bears responsibility for 
decommissioning. Responsibilities for decom-
missioning are lease-specific in North Carolina. 
It is important for landowners to consider de-
commissioning when setting lease terms, al-
though landowners may choose in some cases 
to accept decommissioning responsibility them-
selves. Although state rules on solar decommis-
sioning do not currently exist in North Carolina, 
local jurisdictions can choose to adopt regula-
tions pertaining to decommissioning. 

The materials recovered in the decommission-
ing process have significant economic value, 
which can help pay for the costs of decommis-
sioning. Some engineering analyses have indi-
cated that the salvage value of recovered mate-
rials is more than enough to pay for the removal 
of all the materials and to return the site to its 
pre-construction state.56,57,58,59

NCSU has produced several resources that 
provide more information on decommissioning. 
They include:

• Health and Safety Impacts of Solar Photo-
voltaics60

• Template Ordinance for Solar Energy De-
velopment in North Carolina61

• Working Paper: State Regulation of Solar 
Decommissioning62

• Landowner Solar Leasing: Contract Terms 
Explained63

Summary
The purpose of this paper is to explore the extent 
to which competition exists between solar devel-
opment and agriculture and the extent to which
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the agricultural productivity of land is affected by 
solar development. Discussion on this topic was 
divided into two sections: (1) Understanding the 
Context of Solar Development and Agriculture in 
North Carolina and (2) Weighing the Impact of PV 
Development on Agriculture. In these sections, in-
formation and tools were provided to aid in under-
standing the impact of solar development on ag-
ricultural land. Equipped with the information and 
tools provided by this paper, landowners may be 
able to better evaluate the viability of solar devel-
opment on their land.
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By Elizabeth Chu and D. Lawrence Tarazano, U.S. Patent and Trademark Office
smithsonianmag.com 
April 22, 2019

Sponsored by

USPTO

Long before the first Earth Day was celebrated on April 22, 1970, generating awareness about the environment and
support for environmental protection, scientists were making the first discoveries in solar energy. It all began with
Edmond Becquerel, a young physicist working in France, who in 1839 observed and discovered the photovoltaic
effect— a process that produces a voltage or electric current when exposed to light or radiant energy. A few decades
later, French mathematician Augustin Mouchot was inspired by the physicist’s work. He began registering patents for
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solar-powered engines in the 1860s. From France to the U.S., inventors were inspired by the patents of the
mathematician and filed for patents on solar-powered devices as early as 1888.

Charles Fritts installed the first solar panels on New York City rooftop in 1884. (Courtesy of John Perlin)

Take a light step back to 1883 when New York inventor Charles Fritts created the first solar cell by coating selenium
with a thin layer of gold. Fritts reported that the selenium module produced a current “that is continuous, constant,
and of considerable force.” This cell achieved an energy conversion rate of 1 to 2 percent. Most modern solar cells
work at an efficiency of 15 to 20 percent. So, Fritts created what was a low impact solar cell, but still, it was the
beginning of photovoltaic solar panel innovation in America. Named after Italian physicist, chemist and pioneer of
electricity and power, Alessandro Volta, photovoltaic is the more technical term for turning light energy into electricity,
and used interchangeably with the term photoelectric.

https://cleantechnica.com/2014/12/31/photovoltaic-dreaming-first-attempts-commercializing-pv/
https://www.popsci.com/article/science/invention-solar-cell#page-2
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Edward Weston's "Apparatus for Utilizing Solar Radiant Energy," patented September 4, 1888. (U.S. Patent
389,124)

Only a few years later in 1888, inventor Edward Weston received two patents for solar cells – U.S. Patent 389,124
and U.S. Patent 389,425. For both patents, Weston proposed, “to transform radiant energy derived from the sun into
electrical energy, or through electrical energy into mechanical energy.” Light energy is focused via a lens (f) onto the
solar cell (a), “a thermopile (an electronic device that converts thermal energy into electrical energy) composed of
bars of dissimilar metals.” The light heats up the solar cell and causes electrons to be released and current to flow. In
this instance, light creates heat, which creates electricity; this is the exact reverse of the way an incandescent light
bulb works, converting electricity to heat that then generates light.
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That same year, a Russian scientist by the name of Aleksandr Stoletov created the first solar cell based on the
photoelectric effect, which is when light falls on a material and electrons are released. This effect was first observed
by a German physicist, Heinrich Hertz. In his research, Hertz discovered that more power was created by ultraviolet
light than visible light. Today, solar cells use the photoelectric effect to convert sunlight into power. In 1894, American
inventor Melvin Severy received patents 527,377 for an "Apparatus for mounting and operating thermopiles" and
527,379 for an "Apparatus for generating electricity by solar heat." Both patents were essentially early solar cells
based on the discovery of the photoelectric effect. The first generated “electricity by the action of solar heat upon a
thermo-pile” and could produce a constant electric current during the daily and annual movements of the sun, which
alleviated anyone from having to move the thermopile according to the sun’s movements. Severy’s second patent
from 1889 was also meant for using the sun’s thermal energy to produce electricity for heat, light and power. The
“thermos piles,” or solar cells as we call them today, were mounted on a standard to allow them to be controlled in the
vertical direction as well as on a turntable, which enabled them to move in a horizontal plane. “By the combination of
these two movements, the face of the pile can be maintained opposite the sun all times of the day and all seasons of
the year,” reads the patent.

Almost a decade later, American inventor Harry Reagan received patents for thermal batteries, which are structures
used to store and release thermal energy. The thermal battery was invented to collect and store heat by having a
large mass that can heat up and release energy. It does not store electricity but “heat,” however, systems today use
this technology to generate electricity by conventional turbines. In 1897, Reagan was granted U.S. patent 588,177 for
an “application of solar heat to thermo batteries.” In the claims of the patent, Reagan said his invention included “a
novel construction of apparatus in which the sun’s rays are utilized for heating thermo-batteries, the object being to
concentrate the sun’s rays to a focus and have one set of junctions of a thermo-battery at the focus of the rays, while
suitable cooling devices are applied to the other junctions of said thermo-battery.” His invention was a means to
collecting, storing and distributing solar heat as needed.
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H.C. Reagan's "Application of Solar Heat to Thermo Batteries," patented August 17, 1897 (U.S. Patent 588,177)

In 1913, William Coblentz, of Washington, D.C., received patent 1,077,219 for a “thermal generator,” which was a
device that used light rays “to generate an electric current of such a capacity to do useful work.” He also meant for
the invention to have cheap and strong construction. Although this patent was not for a solar panel, these thermal
generators were invented to either convert heat directly into electricity or to transform that energy into power for
heating and cooling.
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W.W. Coblentz's "Thermal Generator," patented October 28, 1913 (U.S. Patent 1,077,219)

By the 1950s, Bell Laboratories realized that semiconducting materials such as silicon were more efficient than
selenium. They managed to create a solar cell that was 6 percent efficient. Inventors Daryl Chapin, Calvin Fuller, and
Gerald Pearson (inducted to the National Inventors Hall of Fame in 2008) were the brains behind the silicon solar cell
at Bell Labs. While it was considered the first practical device for converting solar energy to electricity, it was still cost
prohibitive for most people. Silicon solar cells are expensive to produce, and when you combine multiple cells to
create a solar panel, it's even more expensive for the public to purchase. University of Delaware is credited with
creating one of the first solar buildings, “Solar One,” in 1973. The construction ran on a combination of solar thermal
and solar photovoltaic power. The building didn’t use solar panels; instead, solar was integrated into the rooftop.
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D. M. Chapin et al's "Solar Energy Converting Apparatus," patented February 5, 1957 (U.S. Patent 2,780,765)
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It was around this time in the 1970s that an energy crisis emerged in the United States. Congress passed the Solar
Energy Research, Development and Demonstration Act of 1974, and the federal government was committed more
than ever “to make solar viable and affordable and market it to the public.” After the debut of “Solar One,” people saw
solar energy as an option for their homes. Growth slowed in the 1980s due to the drop in traditional energy prices.
But in the next decades, the federal government was more involved with solar energy research and development,
creating grants and tax incentives for those who used solar systems. According to Solar Energy Industries
Association, solar has had an average annual growth rate of 50 percent in the last 10 years in the United States,
largely due to the Solar Investment Tax Credit enacted in 2006. Installing solar is also more affordable now due to
installation costs dropping over 70 percent in the last decade.

That said, at least until recently, the means to find a viable and affordable energy solution is more important than
making solar cells aesthetically pleasing or beautiful. Traditional solar panels on American rooftops aren’t exactly
subtle or pleasing to the eye. They’ve been an eyesore for neighbors at times, and surely a pain for homeowners
associations to deal with, but the benefits to the environment are substantial. So, where’s the balance? Today,
companies are striving towards better looking and advanced solar technology, such as building-applied photovoltaic
(BAPV). This type of discreet solar cell is integrated into existing roof tiles or ceramic and glass facades of buildings.

Solus Engineering, Enpulz, Guardian Industries Corporation, SolarCity Corporation, United Solar Systems, and Tesla
(after their merger with SolarCity) have all been issued patents for solar cells that are much more discreet than the
traditional solar panel. All of the patents incorporate photovoltaic systems, which transform light into electricity using
semiconducting materials such as silicon. Solar panels and solar technology has come a long way, so these patented
inventions are proof that the technology is still improving its efficiency and aesthetics.
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EXECUTIVE SUMMARY 

 
Sound pressure level and electromagnetic field (EMF) measurements were made at three utility-scale sites 

with solar photovoltaic (PV) arrays with a capacity range of 1,000 to 3,500 kW (DC at STC) under a full- 

load condition (sunny skies and the sun at an approximate 40o azimuth). Measurements were taken at set 

distances from the inverter pads and along the fenced boundary that encloses the PV array. Measurements 

were also made at set distances back from the fenced boundary. Broadband and 1/3-octave band sound 

levels were measured, along with the time variation of equipment sound levels. 

 
EMF measurements were also made at one residential PV installation with a capacity of 8.6 kW under a 

partial-load condition. PV array operation is related to the intensity of solar insolation. Less sunshine 

results in lower sound and EMF levels from the equipment, and no sound or EMF is produced at night 

when no power is produced. A description of acoustic terms and metrics is provided in Appendix A, and 

EMF terms and metrics are presented in Appendix B. These appendices provide useful information for 

interpreting the results in this report and placing them in context, relative to other sound and EMF sources. 

 
Sound levels along the fenced boundary of the PV arrays were generally at background levels, though a 

faint inverter hum could be heard at some locations. Any sound from the PV array and equipment was 

inaudible at set back distances of 50 to 150 feet from the boundary. Average Leq sound levels at a distance 

of 10 feet from the inverter face varied over the range of 48 dBA to 61 dBA for Site 2 and Site 3 

Inverters1, and were higher in the range of 59 to 72 dBA for Site 1 Inverters. Along the axis perpendicular 

to the plane of the inverter face and at distances of 10 to 30 feet, sound levels were 4 to 13 dBA higher 

compared to levels at the same distance along the axis parallel to the inverter face. At 150 feet from the 

inverter pad, sound levels approached background levels. Sound level measurements generally followed 

the hemispherical wave spreading law (-6 dB per doubling of distance). 

 
The time domain analysis reveals that 0.1-second Leq sound levels at a distance of 10 feet from an inverter 

pad generally varied over a range of 2 to 6 dBA, and no recurring pattern in the rise and fall of the inverter 

sound levels with time was detected. The passage of clouds across the face of the sun caused cooling fans 

in the inverters to briefly turn off and sound levels to drop 4 dBA. 
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1 
The same make of inverters were used at Sites 2 and 3. 
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The 1/3-octave band frequency spectrum of inverter sound at the close distance of 10 feet shows energy 

peaks in several mid-frequency and high-frequency bands, depending on the inverter model. Tonal sound 

was found to occur in harmonic pairs: 63/125 Hz; 315/630 Hz; 3,150/6,300 Hz; and 5,000/10,000 Hz. 

The high frequency peaks produce the characteristic “ringing noise” or high-frequency buzz heard when 

one stands close to an operating inverter. The tonal sound was not, however, audible at distances of 50 to 

150 feet beyond the PV array boundary, and these tonal peaks do not appear in the background sound 

spectrum. All low-frequency sound from the inverters below 40 Hz is inaudible, at all distances. 

 
The International Commission on Non-Ionizing Radiation Protection (ICNIRP) has a recommended 

electric field level exposure limit of 4,200 Volts/meter (V/m) for the general public. At the utility scale 

sites, electric field levels along the fenced PV array boundary, and at the locations set back 50 to 150 feet 

from the boundary, were not elevated above background levels (< 5 V/m). Electric fields near the 

inverters were also not elevated above background levels (< 5 V/m). At the residential site, indoor electric 

fields in the rooms closest to the roof-mounted panels and at locations near the inverters were not elevated 

above background levels (< 5 V/m). 

 
The International Commission on Non-Ionizing Radiation Protection has a recommended magnetic field 

level exposure limit of 833 milli-Gauss (mG) for the general public. At the utility scale sites, magnetic 

field levels along the fenced PV array boundary were in the very low range of 0.2 to 0.4 mG. Magnetic 

field levels at the locations 50 to 150 feet from the fenced array boundary were not elevated above 

background levels (<0.2 mG). There are significant magnetic fields at locations a few feet from these 

utility-scale inverters, in the range of 150 to 500 mG. At a distance of 150 feet from the inverters, these 

fields drop back to very low levels of 0.5 mG or less, and in many cases to background levels (<0.2 mG). 

The variation of magnetic field with distance generally shows the field strength is proportional to the 

inverse cube of the distance from equipment. 

 
At the residential site, indoor magnetic field levels in the rooms closest to the roof-mounted panels were in 

the low range of 0.2 to 1.4 mG. There are low-level magnetic fields at locations a few feet from the 

inverters, in the range of 6 to 10 mG. At a distance of no more than 9 feet from the inverters, these fields 

dropped back to the background level at this residential site of 0.2 mG. Due to the relatively high 

background level in the residential site basement where the inverters were housed, the relationship of 

magnetic field strength to distance from the inverters could not be discerned. 
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1.0 INTRODUCTION 

 
 

The goal of this study is to conduct measurements at several ground-mounted PV arrays in 

Massachusetts to determine the sound pressure levels and electromagnetic field (EMF) levels generated 

by PV arrays and the equipment pads holding inverters and small transformers. This information will 

be used to inform local decision-makers and the public about the acoustic and EMF levels in the 

vicinity of PV projects. 

 
Measurements were made at three utility-scale sites having PV arrays with a capacity range of 1,000 to 

3,500 kW (DC at STC), with weather conditions consisting of sunny skies and the sun at 

approximately 40o azimuth. Measurements were also made at one residential2 PV installation with a 

capacity of 8.6 kW under a partial-load condition. Sound level and EMF data were collected at set 

distances from the inverter pads and along the fenced boundary of the PV array. Measurements were 

also made at set distances back from the fenced boundary. Broadband and 1/3-octave band sound 

levels were measured, along with the time variation of equipment sound levels. Figure 1 shows a 

schematic map of a typical utility scale PV array containing four inverter pads and a fenced boundary. 

The orange stars show typical measurement locations around the fenced boundary of the array and at 

fixed set back distances of 50 feet, 100 feet, and 150 feet from the boundary. The green stars represent 

typical measurement locations at three set back distances from inverters on two of the equipment pads. 

At each equipment pad that was sampled, sound level measurements were made in two directions: 

along an axis parallel to the inverter face and along an axis perpendicular to the inverter face. Figure 2 

illustrates a sound meter setup along the axis perpendicular to (90o from) an inverter face. 

 
Section 2.0 of this report describes the measurement methods and locations, while Section 3.0 presents 

the measurement results in detail for the four sites. Study conclusions are given in Section 4.0. A 

description of acoustic terms and metrics is provided in Appendix A, and EMF terms and metrics are 

presented in Appendix B. These appendices provide useful information for interpreting the results in 

this report and placing them in context, relative to other sound and EMF sources. 

 

 

 

 
2 
Only EMF measurements were made at the residential site. 



 

Figure 1. Schematic Map of Sound and EMF Measurement 

Locations at a Solar Photovoltaic (PV) Array 
 
 



 

Figure 2. Sound Level Meter on the Axis Perpendicular to the 

Face of an Inverter at a Solar Photovoltaic (PV) Array 
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2.0 MEASUREMENT METHODS AND LOCATIONS 

 
 

Sound pressure and EMF levels were measured along the fenced boundary of each PV array, at three 

set back distances from the boundary, and at fixed distances from equipment pads housing inverters 

and transformers (see Figures 1 and 2). Sound levels were measured with a tripod-mounted ANSI 

Type 1 sound meter, a Bruel & Kjaer Model 2250 meter, equipped with a large 7-inch ACO-Pacific 

WS7-80T 175 mm (7-inch) wind screen that is oversize and specially designed to screen out wind flow 

noise. An experimental study of wind-induced noise and windscreen attenuation effects by Hessler3 

found that the WS7-80T windscreen keeps wind-induced noise at the infrasound frequency band of 16 

Hz to no more than 42 dB for moderate across-the–microphone wind speeds. That minimal level of 

wind-induced noise is 8 to 20 dB below the 16-Hz levels measured in this study. 

 
The B&K Model 2250 measures 1/3-octave bands down to 6.3 Hz, well into the infrasonic range, and 

up to 20,000 Hz, the upper threshold of human hearing. The sound meter first recorded short-term (1- 

minute Leq and L90) broadband sound levels (in A-weighted decibels, dBA) at the established survey 

points. Then the sound meter was placed at the nearest measurement distance to each equipment pad 

to record a 10-minute time series of broadband and 1/3-octave band Leq sound levels (in decibels, dB) 

at 0.1-second intervals. The L90 sound level removes intermittent noise and thus is lower than the Leq 

sound level in the tables of results provided in Section 3. 

 
EMF levels of both the magnetic field (in milliGauss, mG) and the electric field (in Volts/meter, V/m) 

were measured using a pair of Trifield Model 100XE EMF Meters. These instruments perform three- 

axis sampling simultaneously, enabling rapid survey of an area. The Trifield meters have a range for 

magnetic fields of 0.2 to 10,000 mG, and for electric fields from 5 to 1,000 V/m. EMF measurements 

were taken at the same survey points as the sound level measurements. 

 
Measurements were made along the fenced boundary around each PV array at four to six evenly- 

spaced locations (depending on the size of the array), and at three additional locations set back 50 feet, 

100 feet, and 150 feet from the boundary. At each equipment pad that was sampled, sound level 

 

3 
Hessler, G., Hessler, D., Brandstatt, P., and Bay, K., “Experimental study to determine wind-induced noise and 

windscreen attenuation effects on microphone response for environmental wind turbine and other applications”, Noise 

Control Eng. J., 56(4), 2008. 
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measurements were made in two directions: parallel to the inverter face, and perpendicular to the 

equipment face. The closest sound monitoring location was selected at a distance “1X” where the 

inverter or transformer sound was clearly audible above background levels. The closest EMF 

monitoring location was selected at a distance “1X” where magnetic field levels were approximately 

500 mG, a level that is below the ICNIRP-recommended4 human exposure limit of 833 mG (see 

Appendix B). Additional sampling points were then placed at distances5 of 2X, 3X, and at 150 feet 

from the equipment pad, in the two orthogonal directions. There were a total of eight monitoring 

locations for each equipment pad, and seven to nine locations for the PV array boundary. 

 
Measurements were made on October 11, 17, 22 and 26, 2012 around 12:30 p.m. EDT, the time of 

peak solar azimuth, and only on days for which clear skies were forecast to maximize solar insolation 

to the PV array. The peak solar azimuth in southern Massachusetts was approximately 40o azimuth on 

these dates. Consistent with standard industry practice, background levels of sound and EMF were 

measured at representative sites outside the fenced boundary of the PV array and far enough away to 

not be influenced by it or any other significant nearby source. The background levels presented for 

each site were made at distances of 50 feet, 100 feet, and 150 feet from the fenced boundary around the 

PV array (see Figure 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4 
International Commission on Non-Ionizing Radiation Protection. 

5 
Location 2X is twice the distance from the equipment as location 1X; Location 3X is three times that distance. 
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3.0 MEASUREMENT RESULTS 

 
 

Sound and EMF measurements were made at the following four PV arrays, presented in the following 

sections: 

 

Site 1 – Achusnet ADM, Wareham, MA 

Site 2 – Southborough Solar, Southborough, MA 

Site 3 – Norfolk Solar, Norfolk, MA 

Site 4 – Residential PV array owned by Massachusetts Audubon Society, Sharon, MA 

 

 

3.1 Site 1 – Achusnet ADM 

 
Facility Location: 27 Charlotte Furnace Road, Wareham, MA 

Facility Owner: Borrego Solar Systems, Inc. 

System Capacity:  3,500 kW 

Power Output During 

Monitoring: 3,500 kW 

No. & Size Inverters: (7) 500-kW inverters 

Date Measured: Thursday October 11, 2012 

Cloud Cover: 0% 

Winds: West 10-12 mph 

Ground: Open area between cranberry bogs, no buildings or vegetation. 

Background Sound: Mean value Leq of 46.4 dBA (range of 45.6 to 47.0 dBA). Mean value of L90 

43.9 dBA (range of 41.6 to 45.4 dBA). Sources included highway traffic on 

I-495 (to the south), earthmoving equipment to the east, birds and other 

natural sounds. 

Background EMF: None (< 0.2 mG and < 5 V/m) except along southern boundary from hi-  

voltage power lines overhead, and near the eastern boundary from low- 

voltage power lines overhead. 

 

 
The solar photovoltaic array is in a flat area between cranberry bogs east of Charlotte Furnace Road in 

Wareham and the boundary of the array is fenced. The surrounding area has no buildings or 

vegetation. There are four equipment pads within the PV array, each housing one or two inverters. 

Measurements were made at two equipment pads: 1) the Northwest Pad, which contains two inverters 

and a small transformer, and 2) the Northeast Pad, which has one inverter and a small transformer. 

The sound and EMF measurements made at Site 1 are summarized in Tables 1 through 3. Figures 3 

and 4 present a time series graph of 0.1-second Leq sound levels at the nearest measurement location 
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(1X) for the Northwest and Northeast Equipment Pads, while Figure 5 provides the corresponding 1/3- 

octave band spectra for the sound level measurements at those same locations along with the spectrum 

for background sound levels. 

 
Sound Levels 

Background sound levels varied over time and space across the site. Highway traffic noise was the 

primary background sound source and higher levels were measured for locations on the south side of 

the site closer to the highway. Variable background sound was also produced by trucking activity to 

the east of the PV array, where sand excavated during the PV array’s construction and stored in large 

piles was being loaded with heavy equipment into dump trucks and hauled away. Background sound 

levels varied over a range of 6 dBA. Background mean value Leq and L90 levels were 46.4 dBA and 

43.9 dBA, respectively. The PV array was inaudible outside of the fenced boundary, and was also 

inaudible everywhere along the boundary except at the North East boundary location where a faint 

inverter hum could be heard. Broadband sound levels at the locations set back 50 to 150 feet from the 

boundary are not elevated above background levels. 

 
Leq sound levels at a distance of 10 feet from the inverter face on the North West Pad (which holds two 

500-kW inverters) were 68.6 to 72.7 dBA and at the same distance from the North East Pad (which 

holds only one 500-kW inverter) were lower at 59.8 to 66.0 dBA. Along the axis perpendicular to the 

inverter face measured sound levels were 4 to 6 dBA higher than at the same distance along the axis 

parallel to the inverter face. The sound levels generally declined with distance following the 

hemispherical wave spreading law (approximately -6 dB per doubling of distance) and at a distance of 

150 feet all inverter sounds approached background sound levels. Due to the layout of the solar panels, 

the measurements made perpendicular to the inverter face and at a distance of 150 feet were blocked 

from a clear line of sight to the inverter pad by many rows of solar panels, which acted as sound 

barriers. 

 
The time domain analysis presented in Figures 3 and 4 reveal that 0.1-second Leq sound levels at the 

close distance of 10 feet generally varied 3 to 4 dBA at the North West Pad and 2 to 3 dBA at the 

North East Pad. The graphs show no recurring pattern in the rise and fall of the inverter sound levels 
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over the measurement period of ten minutes. The inverters registered full 500-kW capacity during both 

10-minute monitoring periods. 

 
The frequency spectrum of equipment sound at the close distance of 10 feet (Figure 5) shows energy 

peaks in four 1/3-octave bands, which are most pronounced for the North West Pad: 315 Hz, 630 Hz, 

3,150 Hz, and 6,300 Hz. The two higher frequency peaks produce the characteristic “ringing noise” or 

high-frequency buzz heard when one stands close to an operating inverter. The second frequency peak 

in each pair is a first-harmonic tone (6,300 Hz being twice the frequency of 3,150 Hz). The tonal 

sound exhibited by Figure 5 is not, however, audible at distances of 50 to 150 feet beyond the PV array 

boundary, and these tonal peaks do not appear in the background sound spectrum shown in Figure 5. 

The dashed line in Figure 5 is the ISO 226 hearing threshold and it reveals that low-frequency sound 

from the inverters below 40 Hz is inaudible, even at a close distance. The background sound spectrum 

is smooth except for a broad peak around 800 Hz caused by distant highway traffic noise and a peak at 

8,000 Hz that represents song birds. 

 
Electric Fields 

Electric field levels along the PV array boundary, and at the locations set back 50 to 150 feet from the 

boundary, are not elevated above background levels (< 5 V/m). The one measurement at 5.0 V/m in 

Table 1 was caused by the field around a nearby low-voltage power line overhead. Electric fields near 

the inverters are also not elevated above background levels (< 5 V/m). The one measurement at 10.0 

V/m in Table 3 was caused by the meter being close to the front face of a solar panel at the 150-foot set 

back distance. 

 
Magnetic Fields 

Magnetic field levels along the PV array boundary and 50 feet from the boundary were in the very low 

range of 0.2 to 0.3 mG, except at the southern end of the boundary that is close to overhead high- 

voltage power lines, owned by the local utility and not connected to the project, where levels of 0.7 to 

3 mG were measured, caused by those hi-voltage power lines. Magnetic field levels at the location 100 

feet from the boundary were elevated by a low-voltage power line overhead. At 150 feet from the 

boundary, the magnetic field is not elevated above background levels (<0.2 mG). 
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Table 3 reveals that there are significant magnetic fields at locations a few feet from inverters, around 

500 mG. These levels drop back to 0.2 to 0.5 mG at distances of 150 feet from the inverters. The 

variation of magnetic field with distance shown in Table 3 generally shows the field strength is 

proportional to the inverse cube of the distance from equipment. Following that law, the magnetic 

field at 5 feet of 500 mG should decline to 0.02 mG (< 0.2 mG) at 150 feet. The measured levels of 

0.1 to 0.5 mG at 150 feet listed in Table 3 are likely caused by small-scale magnetic fields setup 

around the PV cells and connecting cables near the sampling locations. 

 

 

 

TABLE 1 

 

SOUND AND EMF LEVELS MEASURED AT SITE 1 

PV ARRAY BOUNDARY 
 

 

Boundary 

Location 

L90 Level 

(dBA) 

Leq Level 

(dBA) 

Magnetic 

Field 

(mG) 

Electric 

Field 

(V/m) 

North West Boundary 39.1 42.5 < 0.2 < 5 

South West Boundary 43.6 44.7 1.8 < 5 

South Center Boundary 44.8 48.1 3.0 < 5 

South East Boundary 44.0 45.6 0.7 < 5 

North East Boundary 42.2 43.9 < 0.2 < 5 

North Center Boundary 43.4 44.3 0.3 < 5 

Background Mean Values 43.9 46.4 < 0.2 < 5 

Set back 50 feet from Boundary 41.6 47.0 0.2 < 5 

Set back 100 feet from Boundary 45.4 46.7 0.4 5.0 

Set back 150 feet from Boundary 44.7 45.6 < 0.2 < 5 
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TABLE 2 

 

SOUND LEVELS MEASURED AT SITE 1 

EQUIPMENT PADS 
 

 

Equipment Pad / Direction / 

Distance 

L90 Level 

(dBA) 

Leq Level 

(dBA) 

North West Pad / Parallel to Inverter Face / 10 feet 67.6 68.6 

North West Pad / Parallel to Inverter Face / 20 feet 61.8 63.1 

North West Pad / Parallel to Inverter Face / 30 feet 58.8 60.6 

North West Pad / Parallel to Inverter Face / 150 feet 45.2 46.0 

North West Pad / Perpendicular to Inverter Face / 10 feet 71.8 72.7 

North West Pad / Perpendicular to Inverter Face / 20 feet 63.5 64.8 

North West Pad / Perpendicular to Inverter Face / 30 feet 59.5 62.3 

North West Pad / Perpendicular to Inverter Face / 150 feet 41.8 43.0 

North East Pad / Parallel to Inverter Face / 10 feet 59.1 59.8 

North East Pad / Parallel to Inverter Face / 20 feet 55.4 56.2 

North East Pad / Parallel to Inverter Face / 30 feet 54.8 55.7 

North East Pad / Parallel to Inverter Face / 150 feet 43.4 44.0 

North East Pad / Perpendicular to Inverter Face / 10 feet 65.5 66.0 

North East Pad / Perpendicular to Inverter Face / 20 feet 59.8 60.2 

North East Pad / Perpendicular to Inverter Face / 30 feet 56.3 56.9 

North East Pad / Perpendicular to Inverter Face / 150 feet 41.0 43.6 
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TABLE 3 

 

EMF LEVELS MEASURED AT SITE 1 

EQUIPMENT PADS 
 

 

Equipment Pad / Direction / 

Distance 

Magnetic 

Field 

(mG) 

Electric 

Field (V/m) 

North West Pad / Parallel to Inverter Face / 5 feet 3 inches 500 < 5 

North West Pad / Parallel to Inverter Face / 10 feet 6 inches 10.5 < 5 

North West Pad / Parallel to Inverter Face / 15 feet 9 inches 2.75 < 5 

North West Pad / Parallel to Inverter Face / 150 feet 0.2 < 5 

North West Pad / Perpendicular to Inverter Face / 4 feet 500 < 5 

North West Pad / Perpendicular to Inverter Face / 8 feet 200 < 5 

North West Pad / Perpendicular to Inverter Face / 12 feet 6.5 < 5 

North West Pad / Perpendicular to Inverter Face / 150 feet 0.5 < 5 

North East Pad / Parallel to Inverter Face / 3 feet 10 inches 500 < 5 

North East Pad / Parallel to Inverter Face / 7 feet 8 inches 30 < 5 

North East Pad / Parallel to Inverter Face / 11 feet 10 inches 4.5 < 5 

North East Pad / Parallel to Inverter Face / 150 feet 0.2 10.0 

North East Pad / Perpendicular to Inverter Face / 7 feet 6 inches 500 < 5 

North East Pad / Perpendicular to Inverter Face / 15 feet 10 < 5 

North East Pad / Perpendicular to Inverter Face / 22 feet 6 inches 2.1 < 5 

North East Pad / Perpendicular to Inverter Face / 150 feet 0.1 < 5 
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Figure 3. Time Variation of Sound Levels (Leq) at a Distance of 10 Feet from the Inverter Pads 
for Site #1 
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Figure 4. Time Variation of Sound Levels (Leq) at a Distance of 10 Feet from the Inverter Pads 
for Site #1 - First 10 Seconds of Measurements 
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Figure 5. Frequency Spectrum of Sound Levels (Leq) at a Distance of 10 Feet from the 
Inverter Pads for Site #1 
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3.2 Site 2 – Southborough Solar 

 
Facility Location: 146 Cordaville Road, Southborough, MA 

Facility Owner: Southborough Solar, LLC 

System Capacity: 1,000 kW 

Power Output During 

Monitoring: 1,000 kW 

No. & Size Inverters: (2) 500-kW inverters 

Date Measured: Wednesday October 17, 2012 

Cloud Cover: 5% (high, thin cirrus) 

Winds: Northwest 3-5 mph 

Ground: Wooded areas and wetlands surround the PV array, and a building is located 

to the south where the inverters are housed. 

Background Sound: Mean value Leq of 53.1 dBA (range of 51.0 to 55.9 dBA). Mean value L90 of 

49.6 dBA (range of 48.6 to 50.3 dBA). Sources included roadway traffic on 

Cordaville Road (to the west) and Route 9 (to the north) and natural sounds. 

Background EMF: None (< 0.2 mG and < 5 V/m). 

 
The solar photovoltaic array is in a cleared area of land east of Cordaville Road in Southborough and 

the boundary of the array is fenced. The array is surrounded by wetlands and woods. The two 

inverters are not within the PV array; instead they are located on a single pad at the southeast corner of 

the building that lies south of the PV array. Measurements were made at the one equipment pad 

housing the two inverters. Due to the close proximity of wetlands to the fenced boundary for the PV 

array, it was not possible to obtain measurements 50 to 150 feet from the boundary. Instead, 

measurements were taken 50 to 150 feet set back from the property boundary of the site near where the 

inverter pad is located. The sound and EMF measurements made at Site 2 are summarized in Tables 4 

through 6. Figures 6 and 7 present a time series graph of 0.1-second Leq sound levels at the nearest 

measurement location (1X) for the equipment pad, while Figure 8 provides the corresponding 1/3- 

octave band spectra for the sound level measurements at those same locations along with the spectrum 

for background sound levels. 

 
Sound Levels 

Background sound levels varied over time and space across the site, depending on the distance from 

Cordaville Road, which carries heavy traffic volumes. Roadway traffic noise was the primary 

background sound source and higher levels were measured for locations on the west side of the site 

closer to Cordaville Road. Background sound levels varied over a range of 5 to 7 dBA. The 

background mean value Leq and L90 levels were 53.1 dBA and 49.6 dBA, respectively. The inverters 
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were inaudible at a distance of 50 feet outside of the site boundary. Broadband sound levels at the 

locations set back 50 to 150 feet from the boundary are not elevated above background levels. 

 
Leq sound levels at a distance of 10 feet from the inverter face on the equipment pad (which holds two 

500-kW inverters) were 48.1 to 60.8 dBA. Along the axis perpendicular to the inverter face, measured 

sound levels were 10 to 13 dBA higher than at the same distance along the axis parallel to the inverter 

face. The sound levels did not follow the expected hemispherical wave spreading law (approximately 

-6 dB per doubling of distance) and declined at a lower rate with increasing distance due to the 

relatively high background sound levels from nearby roadway traffic. At a distance of 150 feet, all 

inverter sounds were below background sound levels. 

 
The time domain analysis presented in Figures 6 and 7 reveal that 0.1-second Leq sound levels at the 

close distance of 10 feet generally varied 5 to 6 dBA. The graphs show no recurring pattern in the rise 

and fall of the inverter sound levels over the measurement period of ten minutes. The rise and fall in 

inverter sound levels over several minutes is thought to be due to the passage of sheets of high thin 

cirrus clouds across the face of the sun during the measurements. The inverters registered full 500-kW 

capacity during both 10-minute monitoring periods. 

 
The frequency spectrum of equipment sound at the close distance of 10 feet (Figure 8) shows energy 

peaks in two 1/3-octave bands: 5,000 and 10,000 Hz. These high frequency peaks produce the 

characteristic “ringing noise” or high-frequency buzz heard when one stands close to an operating 

inverter. The second frequency peak is a first-harmonic tone (10 kHz being twice the frequency of 5 

kHz). The tonal sound exhibited by Figure 8 is not, however, audible at distances of 50 to 150 feet 

beyond the site boundary, and these tonal peaks do not appear in the background sound spectrum 

shown in Figure 8. The dashed line in Figure 8 is the ISO 226 hearing threshold and it reveals that 

low-frequency sound from the inverters below 40 Hz is inaudible, even at a close distance. The 

background sound spectrum declines smoothly with increasing frequency in the audible range except 

for a rise around 800 to 2,000 Hz caused by nearby roadway traffic noise. 
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Electric Fields 

Electric field levels along the PV array boundary, and at the locations set back 50 to 150 feet from the 

site boundary, are not elevated above background levels (< 5 V/m). 

 
Magnetic Fields 

Magnetic field levels along the PV array boundary were in the very low range of 0.2 to 0.4 mG. 

Magnetic field levels at the locations 50 to 150 feet from the site boundary were not elevated above 

background levels (<0.2 mG). 

 
Table 6 reveals that there are significant magnetic fields at locations a few feet from inverters, in the 

range of 200 to 500 mG. These levels drop back to background levels (<0.2 mG) at distances of 95 to 

150 feet from the inverters. The variation of magnetic field with distance shown in Table 6 generally 

shows the field strength is proportional to the inverse cube of the distance from equipment. 

 

 

TABLE 4 

 

SOUND AND EMF LEVELS MEASURED AT SITE 2 

PV ARRAY BOUNDARY 

 

Boundary 

Location 

L90 Level 

(dBA) 

Leq Level 

(dBA) 

Magnetic 

Field 

(mG) 

Electric 

Field 

(V/m) 

North West Boundary 53.3 54.4 0.2 < 5 

South West Boundary 52.4 54.4 0.2 < 5 

South East Boundary 48.3 50.8 0.4 < 5 

North East Boundary 46.8 49.8 < 0.2 < 5 

Background Mean Values 49.6 53.1 < 0.2 < 5 

Set back 50 feet from Boundary 50.3 52.3 < 0.2 < 5 

Set back 100 feet from Boundary 49.9 55.9 < 0.2 < 5 

Set back 150 feet from Boundary 48.6 51.0 < 0.2 < 5 
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TABLE 5 

 

SOUND LEVELS MEASURED AT SITE 2 

EQUIPMENT PAD 

 

Equipment Pad / Direction / 

Distance 

L90 Level 

(dBA) 

Leq Level 

(dBA) 

Parallel to Inverter Face / 10 feet 46.7 48.1 

Parallel to Inverter Face / 20 feet 44.8 46.2 

Parallel to Inverter Face / 30 feet 44.3 45.6 

Parallel to Inverter Face / 95 feet* 44.0 45.6 

Perpendicular to Inverter Face / 10 feet 59.9 60.8 

Perpendicular to Inverter Face / 20 feet 57.3 58.7 

Perpendicular to Inverter Face / 30 feet 53.4 54.5 

Perpendicular to Inverter Face / 150 feet 46.2 47.5 

*Measurements could not be taken at 150 feet parallel to inverter face because of the close proximity of 

wetlands. Instead, a measurement was made at the farthest practical distance in that direction at 95 feet. 
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TABLE 6 

 

EMF LEVELS MEASURED AT SITE 2 

EQUIPMENT PAD 
 

 

Equipment Pad / Direction / 

Distance 

Magnetic 

Field 

(mG) 

Electric 

Field (V/m) 

Parallel to Inverter Face / 4 feet 200 < 5 

Parallel to Inverter Face / 8 feet 10 < 5 

Parallel to Inverter Face / 12 feet 0.8 < 5 

Parallel to Inverter Face / 95 feet* <0.2 < 5 

Perpendicular to Inverter Face / 4 feet 500 < 5 

Perpendicular to Inverter Face / 8 feet 25 < 5 

Perpendicular to Inverter Face / 12 feet 4.5 < 5 

Perpendicular to Inverter Face / 150 feet <0.2 < 5 

*Measurements could not be taken at 150 feet parallel to inverter face because of the close proximity of 

wetlands. Instead, a measurement was made at the farthest practical distance in that direction at 95 feet. 
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Figure 6. Time Variation of Sound Levels (Leq) at a Distance of 10 Feet from the Inverter Pad 
for Site #2 
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Figure 7. Time Variation of Sound Levels (Leq) at a Distance of 10 Feet from the Inverter Pad 
for Site #2 - First 10 Seconds of Measurements 
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Figure 8. Frequency Spectrum of Sound Levels (Leq) at a Distance of 10 Feet from the 
Inverter Pad at Site #2 
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3.3 Site 3 – Norfolk Solar 

 
Facility Location: 33 Medway Branch Road, Norfolk, MA 

Facility Owner: Constellation Solar Massachusetts, LLC 

System Capacity: 1,375 kW 

Power Output During 

Monitoring: 1,200 to 1,375 kW 

No. & Size Inverters: (2) 500-kW inverters and (1) 375-kW inverter 

Date Measured: Monday October 22, 2012 

Sky Cover: 10% (passing small cumulus clouds) 

Winds: West 10-12 mph 

Ground: One PV array sits high on top of the closed landfill with grass cover and no 

surrounding vegetation. The other, larger PV array is in a wooded area on 

relatively flat ground. Measurements were made at the larger PV array. 

Background Sound: Mean value Leq of 45.3 dBA (range of 43.1 to 47.5 dBA). Mean value L90 of 

42.5 dBA (range of 42.1 to 43.2 dBA). Sources included distant traffic noise 

and natural sounds. 

Background EMF: None (< 0.2 mG and < 5 V/m). 

 
There are two solar photovoltaic arrays on the land of the Town of the Norfolk Department of Public 

Works. One array sits on top of a capped landfill and has a single equipment pad with one inverter. 

The second, and larger, array is in a cleared flat area east of the capped landfill and has a single 

equipment pad housing two inverters. The boundaries of the PV arrays are fenced. The surrounding 

area has only grass cover or low vegetation. Measurements were made at the larger PV array and at 

the equipment pad housing two inverters with a capacity of 875 kW. The sound and EMF 

measurements made at Site 3 are summarized in Tables 7 through 9. Figures 9 and 10 present a time 

series graph of 0.1-second Leq sound levels at the nearest measurement location (1X) for the equipment 

pad, while Figure 11 provides the corresponding 1/3-octave band spectra for the sound level 

measurements at those same locations along with the spectrum for background sound levels. 

 
Sound Levels 

Background sound levels were fairly constant across the site and distant roadway traffic was the 

primary background sound source. The background mean value Leq and L90 levels were 45.3 dBA and 

42.5 dBA, respectively. The PV array was inaudible outside of the fenced boundary except at the 

South East boundary location where a faint inverter hum could be heard. Broadband sound levels at 

the locations set back 50 to 150 feet from the boundary are not elevated above background levels. 
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Leq sound levels at a distance of 10 feet from the inverter face on the equipment pad (which holds two 

inverters) were 54.8 to 60.9 dBA. Along the axis perpendicular to the inverter face measured sound 

levels were 6 to 7 dBA higher than at the same distance along the axis parallel to the inverter face. The 

sound levels generally followed the expected hemispherical wave spreading law (approximately -6 dB 

per doubling of distance). At a distance of 150 feet, all inverter sounds were below background sound 

levels. 

 
The time domain analysis presented in Figures 9 and 10 reveal that 0.1-second Leq sound levels at the 

close distance of 10 feet generally varied 3 to 4 dBA. The graphs show no recurring pattern in the rise 

and fall of the inverter sound levels over the measurement period of ten minutes. Between 7 and 9 

minutes into the 10-minute measurement, clouds passed over the face of the sun, power production 

dropped, and the inverter cooling fans turned off for a brief period, as shown by the abrupt 4 dBA drop 

in sound level in Figure 9. 

 
The frequency spectrum of equipment sound at the close distance of 10 feet (Figure 11) shows energy 

peaks in four 1/3-octave bands: 63, 125, 5,000 and 10,000 Hz. The high frequency peaks produce the 

characteristic “ringing noise” or high-frequency buzz heard when one stands close to an operating 

inverter. The second frequency peak in each pair is a first-harmonic tone (10 kHz being twice the 

frequency of 5 kHz). The tonal sound exhibited by Figure 11 is not, however, audible at distances of 

50 to 150 feet beyond the site boundary, and these tonal peaks do not appear in the background sound 

spectrum shown in Figure 11. The dashed line in Figure 11 is the ISO 226 hearing threshold and it 

reveals that low-frequency sound from the inverters below 40 Hz is inaudible, even at a close distance. 

The background sound spectrum declines smoothly with increasing frequency in the audible range 

except for a slight rise around 800 to 2,000 Hz caused by distant roadway traffic noise. 

 

 

Electric Fields 

Electric field levels along the PV array boundary, and at the locations set back 50 to 150 feet from the 

site boundary, are not elevated above background levels (< 5 V/m). 
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Magnetic Fields 

Magnetic field levels along the PV array boundary were in the very low range, at or below 0.2 mG. 

Magnetic field levels at the locations 50 to 150 feet from the site boundary were not elevated above 

background levels (<0.2 mG). 

 
Table 9 reveals that there are significant magnetic fields at locations a few feet from inverters, in the 

range of 150 to 500 mG. These levels drop back to levels of 0.4 mG in the perpendicular direction and 

to background levels (<0.2 mG) in the parallel direction at 150 feet from the inverters. The variation of 

magnetic field with distance shown in Table 9 generally shows the field strength is proportional to the 

inverse cube of the distance from equipment. 

 

 

TABLE 7 

 

SOUND AND EMF LEVELS MEASURED AT SITE 3 

PV ARRAY BOUNDARY 
 

 

Boundary 

Location 

L90 Level 

(dBA) 

Leq Level 

(dBA) 

Magnetic 

Field 

(mG) 

Electric 

Field 

(V/m) 

North West Boundary 46.2 48.3 < 0.2 < 5 

South West Boundary 48.9 50.6 < 0.2 < 5 

South East Boundary 43.3 44.3 0.2 < 5 

North East Boundary 43.9 46.1 < 0.2 < 5 

Background Mean Values 42.5 45.3 < 0.2 < 5 

Set back 50 feet from Boundary 43.2 47.5 < 0.2 < 5 

Set back 100 feet from Boundary 42.2 45.4 < 0.2 < 5 

Set back 150 feet from Boundary 42.1 43.1 < 0.2 < 5 
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TABLE 8 

 

SOUND LEVELS MEASURED AT SITE 3 

EQUIPMENT PAD 
 

 

Equipment Pad / Direction / 

Distance 

L90 Level 

(dBA) 

Leq Level 

(dBA) 

Perpendicular to Inverter Face / 10 feet 59.7 60.9 

Perpendicular to Inverter Face / 20 feet 57.3 58.6 

Perpendicular to Inverter Face / 30 feet 49.4 50.1 

Perpendicular to Inverter Face / 150 feet 43.9 47.0 

Parallel to Inverter Face / 10 feet 53.9 54.8 

Parallel to Inverter Face / 20 feet 50.6 51.3 

Parallel to Inverter Face / 30 feet 45.5 48.0 

Parallel to Inverter Face / 150 feet 41.8 43.7 

 

 

 

TABLE 9 

 

EMF LEVELS MEASURED AT SITE 3 

EQUIPMENT PAD 

 

Equipment Pad / Direction / 

Distance 

Magnetic 

Field 

(mG) 

Electric 

Field (V/m) 

Parallel to Inverter Face / 3 feet 150 < 5 

Parallel to Inverter Face / 6 feet 10 < 5 

Parallel to Inverter Face / 9 feet 5 < 5 

Parallel to Inverter Face / 150 feet < 0.2 < 5 

Perpendicular to Inverter Face / 3 feet 500 < 5 

Perpendicular to Inverter Face / 6 feet 200 < 5 

Perpendicular to Inverter Face / 9 feet 80 < 5 

Perpendicular to Inverter Face / 150 feet 0.4 < 5 
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Figure 9. Time Variation of Sound Levels (Leq) at a Distance of 10 Feet from the Inverter Pad 
for Site #3 
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Figure 10. Time Variation of Sound Levels (Leq) at a Distance of 10 Feet from the Inverter Pad 
for Site #3 - First 10 Seconds of Measurements 
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Figure 11. Frequency Spectrum of Sound Levels (Leq) at a Distance of 10 Feet from the 
Inverter Pad at Site #3 
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3.4 Site 4 – Residential Solar at Mass. Audubon Society in Sharon 

 
 

Facility Location: Moose Hill Sanctuary, 293 Moose Hill Road, Sharon, MA 

Facility Owner: Massachusetts Audubon Society 

System Capacity: 8.6 kW 

Power Output During 

Monitoring: 4.2 kW 

No. & Size Inverters: (1) 5-kW inverter and (1) 3.6-kW inverter 

Date Measured: Friday October 26, 2012 

Sky Cover: 50% (scattered clouds) 

Winds: Northwest 0-3 mph 

Ground: (42) Evergreen solar panels are mounted on the pitched roof of the two-story 

building and face south. The ground around the site is cleared and opens to 

the south with surrounding woods at a distance. 

Background EMF: None in occupied rooms (< 0.2 mG and < 5 V/m). In the basement storage 

space where the inverters were housed, a background magnetic field of 2 mG 

was present and the background electric field was < 5 V/m. 

 
EMF measurements were made inside the headquarters building of the Massachusetts Audubon Moose 

Hill Sanctuary. No sound measurements were made for this residential sized solar installation. The 

EMF measurements were made in rooms on the second floor of the building, the closest locations 

occupants have to the roof-mounted panels. Measurements were also made at the inverters inside the 

basement of the building, in a space not readily accessible to the public. The EMF measurements 

made at Site 4 are summarized in Tables 10 and 11. 

 
Electric Fields 

Electric field levels in the rooms on the top floor, nearest the roof-mounted solar panels are not 

elevated above background levels (< 5 V/m). In the basement, electric fields near the inverters (3 feet) 

are not elevated above background levels (< 5 V/m). 

 
Magnetic Fields 

Magnetic field levels in the rooms on the top floor, nearest the roof-mounted solar panels were in the 

very low range of 0.2 to 1.4 mG. Table 11 reveals that there are low-level magnetic fields at locations 

a few feet from inverters, around 6 to 10 mG. These levels dropped back to a floor of 2 mG at a 

distance of 6 to 9 feet from the inverters. Nearby electrical lines and other equipment in the basement 

created a background of 2 mG in the space where the inverters were housed. 
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TABLE 10 

 

EMF LEVELS MEASURED INSIDE THE RESIDENTIAL BUILDING, TOP FLOOR 

AT SITE 4 

 

Boundary 

Location 

Magnetic 

Field 

(mG) 

Electric 

Field 

(V/m) 

North West Room 0.9 < 5 

South West Room 1.4 < 5 

South East Room 0.2 < 5 

North East Room 0.5 < 5 

 

 

 
 

TABLE 11 

 

EMF LEVELS MEASURED INSIDE THE RESIDENTIAL BUILDING, BASEMENT 

AT SITE 4 

 

Equipment Pad / Direction / 

Distance 

Magnetic 

Field 

(mG) 

Electric 

Field (V/m) 

Parallel to Inverter Face / 3 feet 10 < 5 

Parallel to Inverter Face / 6 feet 6 < 5 

Parallel to Inverter Face / 9 feet 2 < 5 

Parallel to Inverter Face / 15 feet 2 < 5 

Perpendicular to Inverter Face / 3 feet 6 < 5 

Perpendicular to Inverter Face / 6 feet 2 < 5 

Perpendicular to Inverter Face / 9 feet 2 < 5 

Perpendicular to Inverter Face / 15 feet 2 < 5 
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4.0 CONCLUSIONS 

 

Sound pressure level and electromagnetic field (EMF) measurements were made at three utility-scale 

PV arrays with a capacity range of 1,000 to 3,500 kW under a full-load condition with sunny skies and 

the sun at approximately 40o azimuth. Measurements were taken at set distances from the inverter pads 

and along the fenced boundary of the PV array. Measurements were also made at set distances back 

from the boundary. Broadband and 1/3-octave band sound levels were measured, along with the time 

variation of sound levels from the equipment. 

 
EMF Measurements were also made at one residential6 PV installation with a capacity of 8.6 kW under 

a partial-load condition. PV array operation is related to the intensity of solar insolation. Less 

sunshine results in lower sound and EMF levels from the equipment, and no sound or EMF is produced 

at night when no power is produced. A description of acoustic terms and metrics is provided in 

Appendix A, and EMF terms and metrics are presented in Appendix B. These appendices provide 

useful information for interpreting the results in this report and placing them in context, relative to 

other sound and EMF sources. 

 
Sound Levels 

At the utility scale sites, sound levels along the fenced boundary of the PV arrays were generally at 

background levels, though a faint inverter hum could be heard at some locations along the boundary. 

Any sound from the PV array and equipment was inaudible and sound levels are at background levels 

at set back distances of 50 to 150 feet from the boundary. 

 
Average Leq sound levels at a distance of 10 feet from the inverter face varied over the range of 48 

dBA to 61 dBA for Site 2 and Site 3 Inverters7, and were higher in the range of 59 to 72 dBA for Site 1 

Inverters. Along the axis perpendicular to the plane of the inverter face and at distances of 10 to 30 

feet, sound levels were 4 to 13 dBA higher compared to levels at the same distance along the axis 

parallel to the plane of the inverter face. At a distance of 150 feet from the inverter pad, sound levels 

 

 

 
6 
Only EMF measurements were made at the residential site. 

7 
The same make of inverters were used at Sites 2 and 3. 
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approached background levels. Sound level measurements generally followed the hemispherical wave 

spreading law (-6 dB per doubling of distance). 

 
The time domain analysis reveals that 0.1-second Leq sound levels at a distance of 10 feet from an 

inverter pad generally varied over a range of 2 to 6 dBA, and no recurring pattern in the rise and fall of 

the inverter sound levels with time was detected. The passage of clouds across the face of the sun 

caused cooling fans in the inverters to briefly turn off and sound levels to drop 4 dBA. 

 
The 1/3-octave band frequency spectrum of equipment sound at the close distance of 10 feet shows 

energy peaks in several mid-frequency and high-frequency bands, depending on the inverter model. 

Tonal sound was found to occur in harmonic pairs: 63/125 Hz; 315/630 Hz; 3,150/6,300 Hz; and 

5,000/10,000 Hz. The high frequency peaks produce the characteristic “ringing noise” or high- 

frequency buzz heard when one stands close to an operating inverter. The tonal sound was not, 

however, audible at distances of 50 to 150 feet beyond the PV array boundary, and these tonal peaks do 

not appear in the background sound spectrum. All low-frequency sound from the inverters below 40 

Hz is inaudible, at all distances. 

 
Electric Fields 

The International Commission on Non-Ionizing Radiation Protection has a recommended exposure 

limit of 4,200 V/m for the general public. At the utility scale sites, electric field levels along the fenced 

PV array boundary, and at the locations set back 50 to 150 feet from the boundary, were not elevated 

above background levels (< 5 V/m). Electric fields near the inverters were also not elevated above 

background levels (< 5 V/m). 

 
At the residential site, indoor electric fields in the rooms closest to the roof-mounted panels and at 

locations near the inverters were not elevated above background levels (< 5 V/m). 

 
Magnetic Fields 

The International Commission on Non-Ionizing Radiation Protection has a recommended exposure 

limit of 833 mG for the general public. At the utility scale sites, magnetic field levels along the fenced 

PV array boundary were in the very low range of 0.2 to 0.4 mG. Magnetic field levels at the locations 
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50 to 150 feet from the array boundary were not elevated above background levels (<0.2 mG). There 

are significant magnetic fields at locations a few feet from inverters, in the range of 150 to 500 mG. At 

a distance of 150 feet from these utility-scale inverters, these fields drop back to very low levels of 0.5 

mG or less, and in many cases to background levels (<0.2 mG). The variation of magnetic field with 

distance generally shows the field strength is proportional to the inverse cube of the distance from 

equipment. 

 
At the residential site, indoor magnetic field levels in the rooms closest to the roof-mounted panels 

were in the low range of 0.2 to 1.4 mG. There are low-level magnetic fields at locations a few feet 

from the inverters, in the range of 6 to 10 mG. At a distance of no more than 9 feet from the inverters, 

these fields dropped back to the background level at the residential site of 2 mG. Due to the relatively 

high background level in the residential site basement where the inverters were housed, the relationship 

of magnetic field strength to distance from the inverters could not be discerned. 
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APPENDIX A 

ACOUSTIC TERMS AND METRICS 

All sounds originate with a source – a human voice, vehicles on a roadway, or an airplane overhead. 

The sound energy moves from the source to a person’s ears as sound waves, which are minute 

variations in air pressure. The loudness of a sound depends on the sound pressure level8, which has 

units of decibel (dB). The decibel scale is logarithmic to accommodate the wide range of sound 

intensities to which the human ear is subjected. On this scale, the quietest sound we can hear is 0 dB, 

while the loudest is 120 dB. Every 10-dB increase is perceived as a doubling of loudness. Most 

sounds we hear in our daily lives have sound pressure levels in the range of 30 dB to 90 dB. 

 
A property of the decibel scale is that the numerical values of two separate sounds do not directly add. 

For example, if a sound of 70 dB is added to another sound of 70 dB, the total is only a 3-decibel 

increase (or 73 dB) on the decibel scale, not a doubling to 140 dB. In terms of sound perception, 3 dB 

is the minimum change most people can detect. In terms of the human perception of sound, a halving 

or doubling of loudness requires changes in the sound pressure level of about 10 dB; 3 dB is the 

minimum perceptible change for broadband sounds, i.e. sounds that include all frequencies. Typical 

sound levels associated with various activities and environments are presented in Table A-1. The 

existing sound levels at a PV project site are determined primarily by the proximity to roads and 

highways, the source of traffic noise. Sound exposure in a community is commonly expressed in terms 

of the A-weighted sound level (dBA); A-weighting approximates the frequency response of the 

human ear and correlates well with people’s perception of loudness. 

 

The level of most sounds change from moment to moment. Some are sharp impulses lasting one 

second or less, while others rise and fall over much longer periods of time. There are various measures 

of sound pressure designed for different purposes. The equivalent sound level Leq is the steady-state 

sound level over a period of time that has the same acoustic energy as the fluctuating sounds that 

actually occurred during that same period. It is commonly referred to as the energy-average sound 

 

 

 
 

8 
The sound pressure level is defined as 20*log10 (P/Po) where P is the sound pressure and Po is the reference pressure 

of 20 micro-Pascals (20 Pa), which by definition corresponds to 0 dB. 
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level and it includes in its measure all of the sound we hear. EPA has determined that the Leq average 

sound level correlates best with how people perceive and react to sound.9 

 
To establish the background sound level in an area, the L90 metric, which is the sound level exceeded 

90% of the time, is typically used. The L90 can be thought of as the level representing the quietest 10% 

of any time interval. The L90 is a broadband sound pressure measure. By definition, the L90 metric 

will filter out brief, loud sounds, such as intermittent traffic on a nearby roadway. 

 
Sound pressure level measurements typically include an analysis of the sound spectrum into its various 

frequency components to determine tonal characteristics. The unit of frequency is Hertz (Hz), 

measuring the cycles per second of the sound pressure waves. In the physiology of human hearing, 

every octave jump of a tone corresponds to a doubling of the sound frequency in Hz. For example, 

Middle-C on a piano has a frequency of approximately 260 Hz. High-C, one octave above, has a 

frequency of approximately 520 Hz. The hearing range for most people is 20 Hz to 20,000 Hz. In 

acoustic studies, the sound spectrum is divided into octave bands with center frequencies that are an 

octave apart, or 1/3-octave bands with center frequencies that are 1/3 of an octave apart. There are 11 

whole octave bands centered in the audible range from 20 to 20,000 Hz. For the extended frequency 

range of 6.3 Hz to 20,000 Hz used in this study, there are 36 1/3-octave bands. 

 
Low-frequency sound generally refers to sounds below 250 Hz in frequency, which is close to the 

tone of Middle-C on a piano. Infrasound is low-frequency sound at frequencies below 20 Hz, a sound 

wave oscillating only 20 cycles per second. For comparison, the lowest key on a piano produces a tone 

of 28 Hz, and human speech is in the range of 500 to 2,000 Hz. The hearing threshold for infrasound 

at 16 Hz is 90 decibels (dB).10 We are enveloped in naturally occurring infrasound, which is inaudible. 

Infrasound is always present in the outdoor environment due to sounds generated by air turbulence, 

shoreline waves, motor vehicle traffic and distant aircraft. 

 

 

 

 

 

 

9 
U.S. Environmental Protection Agency, “Information on Levels of Environmental Noise Requisite to Protect Public 

Health and Welfare with an Adequate Margin of Safety,” Publication EPA-550/9-74-004. 
10 

International Standards Organization, ISO 226:2003. 
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TABLE A-1 

 

VARIOUS INDOOR AND OUTDOOR SOUND LEVELS 

 
 

 
 

Outdoor Sound Levels 

Sound 

Pressure 

  (Pa)  

Sound 

Level 

_(dBA) _  

 
 

Indoor Sound Levels 

 
6,324,555 - 110 Rock Band at 5 m 

Jet Over-Flight at 300 m  - 105  

 2,000,000 - 100 Inside New York Subway Train 

Gas Lawn Mower at 1 m  - 95  

 632,456 - 90 Food Blender at 1 m 

Diesel Truck at 15 m  - 85  

Noisy Urban Area--Daytime 200,000 - 80 Garbage Disposal at 1 m 
  - 75 Shouting at 1 m 

Gas Lawn Mower at 30 m 63,246 - 70 Vacuum Cleaner at 3 m 

Suburban Commercial Area  - 65 Normal Speech at 1 m 

Quiet Urban Area -- Daytime 20,000 - 60  

  - 55 Quiet Conversation at 1m 

Quiet Urban Area--Nighttime 6,325 - 50 Dishwasher Next Room 
  - 45  

Suburban Area--Nighttime 2,000 - 40 Empty Theater or Library 
  - 35  

Rural Area--Nighttime 632 - 30 Quiet Bedroom at Night 
  - 25 Empty Concert Hall 

Rustling Leaves 200 - 20 Average Whisper 
  - 15 Broadcast and Recording Studios 
 63 - 10  

  - 5 Human Breathing 
Reference Pressure Level 20 - 0 Threshold of Hearing 

 

 

Notes: 

Pa - Micropascals describe sound pressure levels (force/area). 

dBA - A-weighted decibels describe sound pressure on a logarithmic scale with respect to 20 Pa. 
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APPENDIX  B 

EMF TERMS AND METRICS 
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An electromagnetic field (EMF) is the combination of an electric field and a magnetic field. The 

electric field is produced by stationary charges, and the magnetic field by moving charges (currents). 

From a classical physics perspective, the electromagnetic field can be regarded as a smooth, continuous 

field, propagated in a wavelike manner. From the perspective of quantum field theory, the field is seen 

as quantized, being composed of individual particles (photons). 

 
EMFs are present everywhere in our environment but are invisible to the human eye. For example, 

electric fields are produced by the local build-up of electric charges in the atmosphere associated with 

thunderstorms, and the earth's magnetic field causes a compass needle to orient in a North-South 

direction and is used for navigation. Besides natural sources, the electromagnetic spectrum also 

includes fields generated by man-made sources. For example, the electricity that comes out of every 

power socket has associated low frequency EMFs. A photovoltaic (PV) project generates low- 

frequency EMFs from inverters (that convert DC-current to AC-current), transformers (that step-up the 

PV project voltage), and current-carrying cables. The EMFs from PV project components are classified 

as “non-ionizing radiation,” because the electromagnetic waves have low-energy quanta incapable of 

breaking chemical bonds in objects through which they pass. 

 
The strength of the electric field is measured in volts per meter (V/m). Any electrical wire that is 

charged will produce an associated electric field. This field exists even when there is no current 

flowing. The higher the voltage, the stronger the electric field at a given distance from the wire. 

Magnetic fields arise from the motion of electric charges. The strength of the magnetic field is 

measured by the magnetic flux density in milli-Gauss (mG). In contrast to electric fields, a magnetic 

field is only produced once a device is switched on and current flows. The higher the current, the 

greater the strength of the magnetic field produced at a given distance. EMFs are strongest close to a 

source, and their strength rapidly diminishes with distance from it. Field strength is generally 

proportional to the inverse cube of the distance. 

 
Typical household fixtures and appliances produce both types of fields. For example, at a distance of 

one foot from a fluorescent light, electric and magnetic fields of 50 V/m and 2 mG, respectively, are 

measured. At a distance of 1 inch from the power cord for an operating personal computer, fields of 40 

V/m and 1 mG, respectively, are detected. 
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There are no federal, State or local regulatory exposure limits for electric or magnetic fields that apply 

to solar photovoltaic arrays. The International Commission on Non-Ionizing Radiation Protection 

(ICNIRP) has recommended exposure limits of 4,200 V/m and 833 mG for the general public. 

ICNIRP is an organization of 15,000 scientists in 40 nations who specialize in radiation protection, and 

their recommendations are routinely used in EMF exposure studies. 
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The potential flash glare a pilot could experience from a proposed 25-degree fixed-tilt flat-plate polycrystalline PV system located
outside of Las Vegas, Nevada, was modeled for the purpose of hazard quantification. Hourly insolation data measured via satellite
for the years 1998 to 2004 was used to perform the modeling. The theoretical glare was estimated using published ocular safety
metrics which quantify the potential for a postflash glare after-image. This was then compared to the postflash glare after-image
potential caused by smooth water. The results show that the potential for hazardous glare from flat-plate PV systems is similar to
that of smooth water and not expected to be a hazard to air navigation.

1. Introduction

Before construction of utility scale photovoltaic (PV) power
plants near airports or within known flight corridors in the
United States, the Federal Aviation Administration (FAA)
requires that the glare from the proposed plant not be a haz-
ard to navigable airspace [1]. The purpose of this paper is
to demonstrate that glare from flat-plate PV power plants is
similar to that of water and therefore does not pose a hazard
to navigable airspace.

This was done by calculating the glare potential from a
theoretical flat-plate PV power plant located near Las Vegas,
Nevada, and comparing that glare to the glare potential of
smooth water.

To estimate potential glare from flat surfaces, a model
developed which used conservative assumptions. This model
is a generalization of work done by Ho et al. [1]. The model
calculated glare hourly from 1998 to 2004 to find the times
when the possibility for glare would be the greatest. The po-
tential for after-image (hazardous glare) was then compared
to the potential for hazardous glare from smooth water which
pilots often view while on approach to land.

2. Method

A review of published literature on modeling glare was con-
ducted. The effects of glare on humans has been quantified
by Metcalf and Horn [2], Saur and Dobrash [3], Severin et al.
[4], and Sliney and Freasier [5]. In other studies Brumleve
[6], Chiabrando et al. [7], and Ho et al. [1] developed mathe-
matical methods to quantify the potential danger of glare
causing flash blindness. Flash blindness is defined by Ho as a
“temporary disability or distraction” that can cause an after-
image and is understood to be comparable to what a human
experiences when viewing the flash of a camera.

Ho explains in detail various methods for modeling
glare from concentrating solar systems which use mirrors
and lenses to concentrate light onto a central receiver. This
technology is different than flat-plate PV modules which
directly convert solar energy to electricity. However, the after-
image estimation method Ho outlines for concentrating
solar systems is easily generalized to flat-plate PV modules.
The flow diagram in Figure 1 shows the general method
implemented to translate solar radiation to the after-image
potential caused by energy received on an observer’s retina.
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Figure 1: Energy flow diagram.

The subsections below provide more detail for each step of
the process.

2.1. Insolation. The SUNY-Perez Satellite dataset was used
for modeling glare. The National Renewable Energy Labora-
tory (NREL) compiled this dataset for the years 1998 to 2005
on an hourly basis for a 10 × 10 km nationwide grid.

Solar radiation in the visible spectrum can be broken up
into two primary components, diffuse and direct. Diffuse
radiation is defined as radiation that has been scattered by
the atmosphere. Direct radiation, also commonly referred to
as beam, is radiation which moves from the source to the ob-
server via the shortest distance possible without scattering.
For example, on a heavily overcast day when the sun is hi-
ghest in the sky (solar noon), it is probable that all insolation
is diffuse. On a clear day at solar noon, most of the insolation
reaching earth’s surface would be direct. Direct radiation is
the component of solar radiation that causes visible glare
from flat plate PV systems.

2.2. PV Module. The next step in the modeling process was
to quantify the amount of visible radiation would be reflected
off of a PV module for every hour from 1998 to 2004. The
year 2005 was omitted for computational reasons. This was
done by multiplying the power (Watts per square centimeter,
or W/cm2) of direct radiation with the reflectivity of the PV
module at the average incidence angle for each hour evalu-
ated.

Incidence angle is defined as the angle between the direct
component of insolation and a ray perpendicular to the
module. If the incidence angle is zero, the angle between the
surface of the module and the direct component of radiation
is 90◦. The reflectance at 633 nm of a polycrystalline silicon
(p-Si) PV module is a function of the incidence angle as seen
below in Figure 2 developed by Parretta et al. [8]. This reflec-
tance as a function of incidence angle was to determine how
much of the direct insolation in the visible spectrum would
be reflected off of the PV module and thus reach the observer.

The data shown above is for a glass encapsulated p-Si
solar cell. The use of this data is a conservative assumption
as the glass used to encapsulate the cell was not solar glass

and no antireflective coating applied to the p-Si cell. Actual
p-Si modules would likely have lower reflectance values as
textured glass, and antireflective coatings are often used to
reduce reflected irradiance and increase module efficiency.

The power of the reflected direct radiation was calculated
hourly from 1998 to 2004 using the reflectivity in Figure 2,
satellite data from NREL, and established sun position equa-
tions. The use of hourly data allows quantification of how the
power of the reflected direct radiation will vary as the sun
moves across the sky.

2.3. Energy at the Cornea. An assumption was made that the
power of the direct radiation reflected off of the PV module
was equal to the power incident on the cornea of the pilot.
This is a conservative assumption as it ignores atmospheric
attenuation, refraction, and further reflection. While it is
likely that there will be energy diffusion or absorption due to
the atmosphere, cockpit glass, or shielding, these effects were
ignored during this initial estimation. Later calculations took
these potential mitigation efforts into account, as can be seen
in Figure 7.

2.4. Retinal Irradiance. The last step in the modeling process
was to calculate retinal irradiance hourly from 1998 to 2004.
Retinal irradiance can be calculated us a derivation provided
by Sliney [9] from the energy incident on the cornea as

Er = Ec

(
dp
f ω

)2

τ, (1)

where Er is retinal irradiance [W/cm2], Ec is irradiance at a
plane in front of the cornea [W/cm2], f is the focal length
of the eye (∼0.17 cm), dp is the diameter of the human pupil
adjusted to sunlight (∼0.2 cm), ω is the subtended angle of
the image (or apparent size of the image which in the case of
the sun is 0.0093 radians), and τ is the transmission coeffi-
cient of the eye (∼0.5). This equation assumes that the arc of
a circle f is equal to its chord, which is a good approximation
for small angles such as these.
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Figure 2: Reflectance as a Function of Incident Angle [8].

3. Ocular Safety Metrics

Next, the calculated values of retinal irradiances were com-
pared to known ocular safety metrics. Extensive research has
been done on ocular safety metrics and how to calculate the
potential for after-image or retinal burns from radiation in
the visible wavelengths. The threshold for retinal irradiance
corresponding to the potential for retinal burns has been
defined as

Er,burn = 0.118
ω

for ω < 0.118,

Er,burn = 1 for ω ≥ 0.118,

(2)

where Er,burn is the retinal burn threshold [W/m2] and ω is
the subtended angle of the sun or 0.0093 radians, Ho et al.
[1], and Sliney and Freasier [5]. Ho also compiled data from
Metcalf and Horn [2], Severin et al. [4], and Saur and Do-
brash [3] to find a fit corresponding to the minimal retinal
irradiances that caused after-image (glare). This is calculated
by

Er,flash = 3.59× 10−5

ω1.77
, (3)

where Er,flash is the threshold for potential after image
[W/cm2]. Ho then plotted both of these thresholds and the
three regions these thresholds define (potential for retinal
burn, potential for after-image, and low potential for after-
image) which are illustrated in Figure 3.

The subtended source angle is a function of the size of the
image viewed. For the purposes of this report, the image is a
reflection of the sun which causes the subtended angle to be
constant at 0.0093 radians or roughly 10 mrads.

4. Results

Retinal irradiance was calculated hourly from the years 1998
to 2004 for a fixed-tilt polycrystalline system under the as-
sumptions illustrated in Table 1. These results were then
compared to the same results from smooth water.

The assumption of a fixed-tilt system is conservative be-
cause, as seen in Figure 2, the reflected component of irra-
diances increases as incidence angle increases. Having the

Table 1: Retinal irradiance assumptions.

Module type Polycrystalline silicon (p-Si)

Module Tilt/Azimuth 25◦/0◦

Atmospheric attenuation between the
module and the pilot’s eye?

No

Subtended angle of the sun 0.00093 radians

Diameter of the pupil in sunlight 0.2 cm

Focal length of the eye 0.0017 cm

Transmission coefficient of the eye 0.5

Table 2: Retinal irradiances.

Median∗ [W/cm2] Maximum [W/cm2]

Fixed-tilt p-Si 0.23 0.45

Smooth water 0.13 0.38

Low potential for an after-image <0.10 W/cm2

Potential for after-image = 0.10 to 12.7 W/cm2

Potential for retinal burn ≥12.7 W/cm2

∗The median is calculated as the median of all hours with direct insolation
greater than 0.

system held at a fixed tilt increases the average incident angle
and therefore the average reflected irradiance.

The results of the calculations are displayed in Figure 4
and Table 2. Figure 4 shows retinal irradiances for all hours
in the six-year period when direct radiation was present. For
example, the blue bar furthest to the left in Figure 4 repre-
sents the number of hours in the years 1998 to 2004 where
retinal irradiance was between 0 and 0.02 W/cm2 (approxi-
mately 2250 hours). The potential for an after-image corre-
sponding to the different retinal irradiance powers are shown
based on the zones defined in Figure 3. The ranges of these
zones are quantified in Table 2, showing that a potential for
an after-image for both PV panels and smooth water exists
but is slight.

Table 2 shows that the median values of both distribu-
tions reside in the region “potential for an after-image.” The
histogram in Figure 4 shows that 79 to 88 percent of hourly
retinal irradiances from smooth water and fixed PV modules
fall in this region. However, all calculated retinal irradiances
fall in the bottom 5% of the region, indicating that although
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the glare hazard exists, it is relatively low. Figure 5 illustrates
this point by expanding the x-axis to the entire range of
retinal irradiances that would be classified as “potential for
an after-image.” The major difference between this figure and
the one developed by Ho in Figure 3 is the use of a linear, not
logarithmic scale.

Figure 6 displays the maximum value of hourly glare
(highest retinal irradiance) from smooth water and fixed tilt
p-Si PV modules plotted onto Figure 3.

As can be seen from Figure 6, the maximum glare from a
solar PV array using conservative assumptions is expected to
be comparable to that of smooth water. This maximum value
is in the region defined as “potential for after-image” where
a potential exists, but the potential is on the low end of the
range.

The nuisance of glare for pilots cannot be completely
avoided. Therefore, it is typically mitigated using darkened
visors, sunglasses, and glare shields. If these objects are man-
ufactured to meet American National Standards Institute
(ANSI) Standard Z80.3-2001 [10], they will reduce the inten-
sity of retinal irradiance by roughly 70 percent. A 70 percent
reduction of retinal irradiances from radiation reflected off
of water and PV modules move all retinal irradiance values
below 0.14 W/cm2 as displayed below in Figure 7. Under
these conditions, 92 percent of the hours over the six-year
period investigated for solar PV would now be in the “low
potential” zone in Las Vegas.

5. Conclusions

The potential flash glare a pilot could experience was mod-
eled from a proposed 25-degree fixed-tilt flat-plate poly-
crystalline PV array installed outside of Las Vegas, Nevada.
Hourly insolation data measured onsite via satellite from
the years 1998 to 2004 was used to perform this modeling.
These results were then compared to the potential glare from
smooth water under the same assumptions. The comparison
of the results showed that the potential for glare from flat
plate PV systems is comparable to that of smooth water and
not expected to be a hazard to air navigation.

Glare from ground-based objects can be a nuisance to
pilots if proper mitigation procedures are not implemented.
Portland white cement concrete (which is a common con-
crete for runways), snow, and structural glass all have re-
flectivities greater than water and flat plate PV modules as
shown by Levinson and Akbari [11], Nakamura etal. [12] and
Hutchins et al. [13]. Pilots viewing these objects under spe-
cific conditions may experience a distracting level of glare.

The nuisance of glare cannot be completely avoided.
Therefore, it is typically mitigated using darkened visors,
sunglasses, and glare shields. If these objects are manufac-
tured to meet ANSI Standard Z80.3-2001 [10], they will re-
duce the intensity of retinal irradiance by roughly 70 percent.
A 70-percent reduction of retinal irradiances from radiation
reflected off of water and PV modules move all retinal
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irradiance values below 0.14 W/cm2. Under these conditions,
92 percent of the hours over the six-year period investigated
for solar PV would now be in the “low potential” zone at Las
Vegas.

Highlights

(i) Ocular safety metrics were used to quantify the po-
tential for hazardous glare from a photovoltaic system
hourly.

(ii) The results show that the glare hazard from smooth
water and flat plate photovoltaic systems are similar.

(iii) Glare mitigation is common and significantly reduces
glare hazards.

Abbreviations

ANSI: American National Standards Institute
NREL: National Renewable Energy Labs
PV: Photovoltaic
p-Si: Polycrystalline silicon.
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Abstract: A source of large surface areas for solar photovoltaic (PV) farms that has been largely
overlooked in the 13,000 United States of America (U.S.) airports. This paper hopes to enable PV
deployments in most airports by providing an approach to overcome the three primary challenges
identified by the Federal Aviation Administration (FAA): (1) reflectivity and glare; (2) radar
interference; and (3) physical penetration of airspace. First, these challenges and precautions that
must be adhered to for safe PV projects deployment at airports are reviewed and summarized. Since
one of the core concerns for PV and airport symbiosis is solar panel reflectivity, and because this data
is largely estimated, a controlled experiment is conducted to determine worst-case values of front
panel surface reflectivity and compare them to theoretical calculations. Then a general approach
to implement solar PV systems in an airport is outlined and this approach is applied to a case
study airport. The available land was found to be over 570 acres, which would generate more than
39,000% of the actual annual power demand of the existing airport. The results are discussed while
considering the scaling potential of airport-based PV systems throughout the U.S.

Keywords: airport; photovoltaic; solar energy; glare; Federal Aviation Administration; economics

1. Introduction

Solar photovoltaic (PV) technology is now well known as a widely accessible, sustainable, and
clean source of energy that can be scaled to meet humanity’s energy needs [1–3]. After years of steady
growth, the PV industry is beginning to meet this potential with approximately 6000 TWh of PV
electricity estimated to be generated by 2050, which is roughly 16% of the total global electricity
demand [4]. This much solar PV-generated electricity will necessitate substantial surface areas
dedicated to PV deployment because of the diffuse nature of solar energy. Much of this need can be met
via rooftop PV or the relatively immature building-integrated PV (BIPV) market [5–10]. The remainder
will need to be met by large-area solar PV farms on either land-based solar PV farms [11–14] or
even water-based floating solar PV farms [15–22]. However, as the global population increases 1.15%
per year [23], attractive land and even waterways will become more valuable, especially in densely
populated areas. This has the adverse consequence of creating competition for limited land resources
between food and energy demand [24–26], which will exacerbate the current problem of 870 million
people who are chronically malnourished [27]. This means practically that all available non-food
producing surface areas should be used before energy production impacts food production.

One source of large surface areas that has been largely overlooked for PV deployments and is
not suitable for food production is the surface areas surrounding airports [28]. Airports have large
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electric load demand, and are generally located near population centers with even higher demands,
and also have large unused land areas due to existing design protocols. By 2013, the total number of
airports in United States of America (U.S.) was over 13,000 (paved and unpaved) [29], out of which the
Federal Aviation Administration (FAA) currently includes over 4500 as public, general aviation use
airports [30], which makes airports even more of a potential market for solar PV systems.

One of the factors that influences economic viability of large solar farms are the investments
pertaining to acquiring and maintaining suitable land. Thus, airport property has the potential to
substantially decrease the land cost as the property under airport authorities has no value for any
other use. Another advantage comes in terms of maintenance, as the land under consideration is
maintained by the airport authorities from any physical obstruction above ground, thus making it an
ideal location for solar PV. There are 30 airports in U.S. [31] and many more across the globe that already
have solar power partially supporting their load demands, including Kempegowda International
Airport and Cochin International Airport in India [32], and Indianapolis International Airport [33],
Tucson International Airport [34], Chattanooga Airport [35], San Francisco International Airport [36]
and Denver International Airport in the U.S. [37]. However, the economically viable application of
PV [38] in airports is far from saturated, as there are lingering safety concerns from reflectivity and
radar interference among airport operators for installation of large-scale PV systems within their land
areas [39]. In addition, there is no generalized approach to apply solar PV systems to airports.

This paper rectifies these impediments to further PV deployments at airports by reviewing existing
work on PV and airports and providing a new generalized approach to overcome the three primary
challenges identified by the F.A.A. [39]: (1) reflectivity and glare; (2) radar interference; and (3) physical
penetration of airspace. First, these challenges and precautions that must be adhered to for safe PV
projects deployment at airports are reviewed and described. Since one of the core concerns for PV and
airport symbiosis is solar panel reflectivity, and because this data is largely unavailable, a controlled
experiment is conducted here to determine worst-case values of front panel surface reflectivity. Then a
general approach to implement solar PV systems in an airport is outlined and this approach is applied
to a case study airport: Houghton County Memorial Airport (CMX) in Hancock, Michigan. The results
are provided and discussed while considering the scaling potential of airport-based PV systems.

2. Background on Three Primary Road Blocks to Photovoltaic Systems at Airports

The paper reviews methods to overcome the three primary roadblocks identified by the F.A.A. to
deployment of solar PV systems at airports [39]: (1) reflectivity and glare; (2) radar interference; and
(3) physical penetration of airspace.

2.1. Reflectivity and Glare

Reflectivity in this context denotes the ability of the PV module surface to reflect light, which may
interfere as glare with pilot or airport staff visibility. The possible impacts of PV module reflectivity
may lead to either glint or glare, or both. This can cause a brief loss of vision (also called flash
blindness), which is a safety concern for the pilots. Flash blindness for a period of 4–12 s (i.e., time
to recovery of vision) occurs when 7–11 W/m2 (or 650–1100 lumens/m2) reaches the eye [39]. It is
recommended when designing any solar installation for an airport to carefully consider the final
approach of pilots and guarantee that no placed installation section will give any face glare that is
straight ahead of them or within 25◦ of straight ahead during final approach [40]. Often the maximum
solar irradiation of 1000 W/m2 is used in calculations as an estimate of the solar energy interacting
with a module when no other information is available [39]. However, this may be a poor assumption as
PV modules have been optically engineered to minimize optical reflection in both conventional [41,42]
and thin film PV devices [43,44]. Most PV are using anti-reflection coating (ARC) [45,46] and future
PV are expected to integrate metamaterial perfect absorbers into solar modules [47,48], which would
be expected to reduce reflection even further [49,50]. The exact percentage of light that is reflected
from PV panels is currently best estimated using the Solar Glare Hazard Analysis Tool (SGHAT) [51].
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This was a free online tool developed with U.S. tax dollars by the Sandia National Lab in the U.S.
Unfortunately, it was disabled in 2016 and is currently available for licensing from Sandia only to
commercial ventures. The impact of denying access to publicly funded research in this area will be
discussed below. In addition, the reflectivity is not absolutely known for all PV modules. However,
the vast majority of PV modules on the market contain some form of anti-reflection coating, and this
loss (due to reflection) is generally considered to be only a few percent [52]. In addition, outside of
very unusual circumstances, flash blindness can only occur from specular reflections.

A study and report published by Federal Aviation Administration in 2015 [40] gives further insight
on how glare actually affects aircraft aviation and compares PV glare to other common sources of glare.
On performing a thorough study with pilots, it was found that majority of pilots had encountered
glare with durations between 1 and 10 s with longer durations being encountered for objects other than
direct sunlight or solar panels. This study concluded that for most pilots, glare emanated primarily
from bodies of water. One of the solutions to the glare problem is avoid angles of glare between
approaching planes and solar PV modules using SGHAT as a guide and the other potential solution
is to eventually achieve lower reflectivity from PV surfaces compared to typical source of glare from
other real-world objects like water, buildings/glass windows, other aircraft and even snow. It should
be noted that the real location considered in this paper has snow in 5 of the 12 months of the year
and hence it will be safe to assume that glare off snow here will be one of the highest compared to
other locations. To counter this problem, which is primarily that of an unknown, a reliable method
to calculate the percentage of specular reflection off a particular PV module shall be measured and
compared to a theoretical model. Experimentally determined reflection values will be addressed below.

2.2. Radar Interference

PV systems could cause negative impacts on radar, NAVAIDS (navigation aids) and infrared
instruments called communication, navigation, and surveillance (CNS) by causing interference [39].
Interference of radar and NAVAIDS (despite passive components) occurs when objects are placed too
close to a radar sail or antenna and obstruct the transmission of signals between the radar antenna
and the receiver, which can be a plane or a remote monitoring location. Metal components on the PV
racking may also cause reflected signals. However, due to PV systems having a low profile these risks
are low. For example, most large-scale solar farms are of low height profiles like the Topaz Solar PV
Farm in California, which is approximately 1.7 m (5.5 ft.) above ground at its top edge, minimize visual
impact [53]. If solar PV systems do not represent any level of risk of interfering with surrounding
CNS facilities, solar PV project sponsors do not need to conduct studies on their own to determine
impacts on CNS facilities when siting a solar energy system at an airport [54]. Due to their low profiles,
solar PV systems typically represent little risk of interfering with radar transmissions. In addition,
solar modules do not emit electromagnetic waves over distances that could interfere with radar signal
transmissions, and any electrical facilities that do carry concentrated current are buried beneath the
ground and away from any signal transmission [39]. The one area of potential problem of interference
might occur due to the use of metal parts for the racking of the modules. This has not been found
it practice, but there are also already alternative materials that can be used for PV racking including
plastic tension-based systems [55,56], fiber glass [57], plastic [58] and concrete [59]. These alternative
material systems may be considered for airports with metal racking concerns. Lastly, solar energy not
converted into electricity by the PV device is converted into heat, raising the temperature of the PV
modules in operation normally to about 50 ◦C in full sun. Thus, impacts on infrared communications
can also occur because the solar PV continue to retain heat into the first part of dusk, and the heat they
release can be picked up by infrared communications in aircraft [39]. Although this risk is also low,
a certain safe radial distance of 150 ft. must be maintained between communication instruments, the
control tower and PV modules to avoid all mechanism of interference. It should be noted that some
past solar fields have required greater setbacks up to 500 ft. [39].
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2.3. Physical Penetration of Airspace and Land

No physical structure is allowed to intervene in spaces that may lead to any safety issues at
airports. Hence airspace inside and around any airport is pre-defined where no physical body of any
kind is allowed to stand, as shown in Figure 1 [60]. The important volumes in Figure 1 from a PV
system installation perspective are in the lower right. The primary surface is a surface longitudinally
centered on a runway shown in blue. Next, a horizontal plane 150 ft. above the established airport
elevation is shown in dark grey. The approach surface of the aircraft area in blue and transition surface
in purple along with other aerial zones concerned with flying aircraft only. All these zones are aerial
(150 ft. and above the runway) and will not represent an interference hazard with any of the typical
surface solar PV racking designs [61]. The only point of concern will be the restricted zones defined on
the actual surface around the runway. This will be discussed in detail in Section 4.3.
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Figure 1. Defining aerial zones defined for airports, which are adapted from [60]. The lower right is
the region of relevance for photovoltaics (PV) systems. The primary surface is a surface longitudinally
centered on a runway shown in blue, a horizontal plane 150 ft. above the established airport elevation
is shown in dark grey, and the conical surface is shown in green.

3. Experimental Determination of Reflection from a Photovoltaic Module Surface

As noted in Section 2.1, despite glare being considered one of the biggest challenges for an airport
solar PV system deployment, there is little available worst-case data on how much of the incident light
is due to specular reflection from a standard solar module. Experiments are conducted here to provide
background data on the effect of PV array tilt angle on the amount of glared produced from the face of
a module in non-glancing angle approaches. The results are also used to validate/correlate part of the
data provided by the FAA for PV systems located near airports.

Experimental data was obtained using the following protocol. A small area solar simulator (PV
Measurements model SASS, class-BBA) was used as a light source. A calibrated photovoltaic reference
cell was used to calibrate the solar simulator to 1 sun (1000 W/m2) using an AM 1.5 spectrum prior
to performing the reflection measurements. A 255 W Sharp (model make Sharp #ND-255QCSBX)
crystalline silicon-based solar module was used as a reflecting surface (solar PV panel surface). This
type of module was chosen as the majority of PV modules on the market are silicon crystalline or
polycrystalline silicon absorber material, and this module has standard optics (e.g., anti-reflective
coating on Si but not on glass). This module is typical for large commercial applications, with maximum
power (Pmax) 250 W (under standard conditions), tolerance of Pmax of +5%/−0%, and the temperature
coefficient is −0.485%/◦C. A mounted photodiode was used to measure irradiance from both the
incident and reflected beam (glare) as a direct function of current generated. The photodiode sensors
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deliver a current that depends on the optical power and wavelength of the incident beam. Here it
is used to measure the reflected glare noted in percentage of the incident irradiation on the panel.
The tilt angle was measured using an inclinometer (±0.5◦). The distances between the light source,
detector and the panel surface, as well as the relative positions, were kept constant throughout the
entire experiment. First, measurements were made to determine the irradiance on the panel surface
for normal incidence angle (90◦) and zero reflection. Then subsequent measurements were made to
determine the reflected irradiance for a range of panel tilt angles from 10◦ to 70◦ (limited by setup
geometries) in 10◦ incremental steps. Three measurements at the peak location of reflectivity were
obtained and averaged for each tilt angle in order to improve the accuracy of the measured results and
minimize random error.

4. General Approach to Design Solar System for Airports

4.1. Airport Type and Surface Selection

There are several variables to consider when applying a solar PV system to an airport. First, the
location of airport. If the airport is located in the city, like Ronald Reagan Washington National Airport
(DCA), it does not have much land available per unit size as compared to more rural airports. These
cases where there is limited ground area available should first consider the installation of solar PV on
rooftops of buildings and then look at any potential ground area for ground-based systems. On the
other hand, if the airport is located in a rural or remote location, like Washington Dulles International
Airport (IAD) or CMX in Hancock, Michigan, there is a relatively larger land area available per unit
load within the airport. This situation favors a large uniform designed ground-mounted system with
roof-mounted or BIPV playing a relatively minor role.

Second, the annual weather conditions for the airport is also a factor for airport PV system design.
Although the location of airport is already selected for better weather conditions for airplane landing
and taking off, weather still plays a major role in PV system performance. For example, the rural
CMX has the largest number of delayed and canceled flights in the U.S. due primarily to weather
conditions [62]. In addition, the region it is located in is the upper peninsula of Michigan, which
records some of the largest snow events in the U.S. [63], and snow has an impact for annual PV
output [64–68]. Thus, in such cases the adverse (snow losses [63–68]) and positive effects of weather
(i.e., surface albedo [69]) effects need to be taken into consideration in simulation and designs.

Third, the energy consumption of the airport is a factor for sizing an airport-based solar PV system
if solar energy is not to be exported to the grid. Based on how busy and how large the airport is the
energy consumption varies for different cases and can be substantial. For example, San Francisco
International Airport (SFO) reported 322,927 MWh of electricity used by itself and its tenants in Fiscal
Year 2010 [36]. This is enough electricity to meet the annual electricity needs of over 48,000 California
residents [36]. When considering airport PV systems the variability of the airport load itself should
be modeled carefully as the variability can be substantial. For example, in a 2015 report on the Los
Angeles International Airport (LAX) electric consumption was 184,416 MWh (14.51% more that its
consumption in 2010), which was actually an increase in electricity consumption by approximately
32% until 2014. It was only because of the change in their policies and power management that power
demand was reduced in the following year [70].

If the land area for solar PV is large enough and the airport size is relatively small, there is
possibility of achieving a grid neutral airport. If more land area is available for PV solar system, then
the generation capacity is enough to even feed back into the grid. However, if the land area around
a busy airport is small, only partial energy demands will may be fulfilled by solar PV system.

4.2. Solar Photovoltaic System Design Parameters

There are several PV systems designing/modelling software including: proprietary (e.g., PVSyst,
SolarGIS, INSEL, Solar Design Tool, etc.); free government supported methods (e.g., NREL’s
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System Advisor Model (SAM) [71], Solar Prospector [72], PVWatts Calculator [73] and Canada’s
RETScreen [74]); and open-source methods (e.g., r.sun/GRASS [75–77]) available for predicting;
weather, solar flux and basic PV systems performance and modeling. This paper uses SAM for the
performance and financial model designed to facilitate decision-making for the project considered.
Using SAM performance predictions and cost of energy estimates can be made for grid-connected/
independent power projects based on installation and operating costs and system design parameters
that are specified as inputs to the model. The solar resource will affect the design along with the type
of balance of systems (BOS) and racking configuration. As all airports constitute long and mandatory
boundaries, non-traditional PV system designs may be the best option for the most restricted surface
areas. For example, with large spacing between boundaries and airport properties (i.e., towers,
roads, etc.), bi-facial solar PV could be another way to increase the overall solar power profile of
any airport system. Though low on efficiency compared to conventional PV systems, bifacial PV can
provide power and cost benefits by being a protection boundary as well as noise barrier to some extend
apart from providing power alone [78]. Based on the sun location during different hours of the day
and seasons of the year, the tilt angles of the solar modules will be determined normally to provide
the largest annual output [79,80]. The optimized angle for solar modules will also need to take into
account weather (e.g., snow conditions [63]).

4.3. Available Surface Area for Photovoltaic System

Based on airspace restrictions detailed in Figure 1, the FAA restricts the use of the surface areas
in airports. This is detailed in Figure 2. The runway (grey), runway object free area (blue), runway
protection zone (RPZ) (light green) and controlled activity (yellow) areas all prohibit PV deployment.
Figure 2 shows the areas available for PV deployment in green.
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Using the map of the airport, the land area that is not in conflict with the restricted area and
other land reserved for any other purposes should be identified as the area in which solar PV systems
can possibly be deployed. For this, tools like ArcGIS can be used. By using the Area Solar Radiation
Tool in the ArcGIS Spatial Analyst extension, a solar map can be generated from the georeferenced
image specifying target locations, latitude and a yearly solar interval. This solar map takes into
consideration the changes in the elevation (azimuth) and position of the sun, as well as any possible
shading effect caused by buildings or other objects in the input raster. Such GIS software also derives
raster representations of a hemispherical view shed, sun map, and sky map, which are used in the
calculation of direct, diffuse, and global solar radiation [81]. A similar approach can be used for free
with r.sun and GRASS [76,77,82]. Because of the direction of runways, the planes land and take off in
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both direction the runways. Thus, the different locations of solar PV system panels can have different
glare effects on a plane navigating around the airport. After determining the orientation and angle for
a solar PV system for an airport, it is advisable to set the solar modules in the land area which is facing
off the runways. Details of the approach will be presented in Section 5 for the case study airport.

In addition, land proposed for PV deployment at airports should not only be available for power
production now, but also be free from any future expansion plans (e.g., proposed future runway
extensions or new buildings). However, it should be noted that even if a certain section of land is
proposed for use after 20 years, a PV system can be proposed for this land on lease for some time to
not only make the project economically profitable, but also as a better use of the land for the time being
(it is expected that solar PV technology will continue to improve [61] fast enough to compensate for
the generation loss by increasing efficiency in permanent PV systems).

4.4. Airport Baseload Power to Photovoltaic Generation Potential Comparison

After determining the available land for a solar PV system, energy production potential by the
solar PV system can be calculated for any time of the year. The resultant solar energy produced in
calculations can be compared to the actual electric demand based on historical data and projections of
the airport from an annual to daily basis, which will further help determine if the airport can be fully
supported by solar power or not, and in case of excess power being generated, how much can be fed
back to the grid for net metered systems.

During winter periods, energy production potential must to take into account snow losses that
can be evaluated using experimental data from Heidari et al. [63] study, which used the same site
as this study to perform actual snow loss calculations for solar PV systems at various tilt angles.
The power for each snow-exposed module placed at airport site was determined using Equation (1),
while Equation (2) was used to evaluate the power from modules without snow cover.

Pm =
It(T)(PSTC(1 + C(T − TSTC)))

It − ISTC(1 + α(T − TSTC))
(1)

PC = (Gt(1 + β(TSTC − T)))× PSTC(1 + C(T − TSTC)

1000
(2)

where:

α Temperature coefficient of current, module (1/◦C)
β Temperature coefficient, pyranometer (1/◦C)
C Temperature coefficient of power, module (1/◦C)
Eloss Energy loss (kWh)
It Short-circuit current measured at time t (A)
ISTC Short-circuit current at Standard Test Conditions (STCs), (A)
PC, t Power that can be extracted from each virtual clean module (without snow) at time t (Watts)
Pm, t Calculated output power of snow-exposed module (at various angles and heights) at time t (W)
Gt Global irradiance obtained by pyranometer (at various angles) at time t (W/m−2)

Thus, the snow loss due to snow was calculated as the difference in energy without snow PC
versus the energy obtained from snow-covered modules Pm [63] using Equation (3).

Eloss(t) = (PC × t)− (Pm × t) (3)

5. Case Study

To clarify the methodology a case study is provided using the Houghton County Memorial
Airport (CMX) in Hancock, in Michigan’s Upper Peninsula (UP). The UP is situated between Lake
Superior (along its northern border) and Wisconsin, Lake Michigan, and Lake Huron to the south.
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It provides an extreme rural case as the UP encompasses 29% of Michigan’s land area, but has only
~3% of the total population [83]. The region experiences long, cold and dark winters with some of the
heaviest snowfalls in the United States, which make annual off-grid PV system design particularly
challenging [84]. However, short, relatively cool summers with average-high August temperatures of
only 22 ◦C reduce the negative temperature effects on PV performance [85]. In addition, because of the
northern latitude of the UP, daylight hours are short during winter and long in the summer, which
heavily skews PV production towards summer. At the same time the business case for PV systems
in this region is relatively easy to make as the levelized cost of electricity (LCOE) [38] is far less than
the effective rates for a consumer per kilowatt hour (kWh) which is comparable across all utilities
by incorporating energy changes, service charges, state-mandated charges, and power supply cost
recovery factors, which ranges up to over $0.24/kWh (more than double the U.S. average) [86].

5.1. Airport Land Zones and Photovoltaic System Sites Identification

CMX airport was chosen due to access to real time testing and data collection for the validation of
the proposed methodology [87]. Furthermore, CMX is currently planning to expand its infrastructure in
the near future and considering integrating PV solar power, in addition to other methods of becoming a
more environmental friendly and economically viable airport by cutting purchased electricity, which is
the highest in the region. Due to the availability of large vacant lands (over 200 acres, as seen in
Figure 3, and the low electricity demand, it is possible to design a PV system for better than net zero
and thus substantial excess generated solar electricity could be exported to the grid. Figure 3 shows
the outer physical boundary (in green) with clear zones (in blue) and the runway protection zones at
the ends of the runways (in pink).
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Figure 3. Ariel view of Houghton County Memorial Airport (CMX) airport, with the PV deployment
zones marked. Note: The four pink trapezoid zones are the restricted areas showed in Figure 1; black
lines enclosed clean area, and no objects other than necessary terminal buildings are allowed in this
zone; the orange line enclosed the area which is total airport land property, and; the six red pins are
suggested land/sites for the deployment of solar PV systems.
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The spatial data to consider includes different building location details, boundaries of different
sections across the airport, data regarding any object free zone, runways, marking of future buildings
and extension work for existing runways, and boundary fencing details.

5.2. Photovoltaic System Modeling/Simulation

For simulating the PV system for the airport, System Advisor Model [71], developed by the
National Renewable Energy Laboratory (NREL) is used. First, in the “Location and Resource” section
of the model, actual data for CMX airport in Hancock for 2016 was used in the simulation. In the
“resource data” section, SunPower SPR-445J-WHT-D (power at standard testing conditions (STC)
is 445W) solar modules were selected. Suitable configurations for the sub-arrays were then made.
Since the location of CMX airport is in the northern hemisphere, the azimuth is selected to be 180◦ so
that the system faces south. Using freely available and industry accepted software (SAM), the solar
flux available in Houghton County, Michigan (located in the west-central part of the UP) and class 2
TMY3 (typical meteorological year) solar data averaged from 1991 to 2005 [88], the optimal design
was found to be a 30◦ tilt with south facing arrays receiving global horizontal of 3.41 kWh/m2/day.
Although based on [66,67], 60 degrees is optimized for minimizing snow-related losses, as it makes it
easier for snow to slide off the modules, the tilt angle was set as 45. After calculation, for 80 acres of
land, without snow losses the unobstructed system on SAM produces 2.33% more power for 30◦ tilt
compared to 45◦. However, after taking snow losses for both angles into consideration [66,67], power
produced at 45◦ tile is 2.8% more than power from 30◦. Thus 45◦ tile angle was chosen. For this study,
first 80 acres (case 1) of land is evaluated out of the approximately 570.4 acres (case 2), all the blue
sections in Figure 3, that is, Section A to F, of potential land available for solar PV system. For both case
studies a packing factor (ratio of module area to unused area) of 0.4286 was used. The sub-PV array
configuration for case 1 is shown in Table 1 below. Thus, for case 2 the solar PV farm was 2,308,000 m2

and the total module area was 692,530 m2.

Table 1. The sub-PV array configuration for case 1. Note: Azimuth indicates the horizontal direction of
the solar array and tilt is the tilt angle of the modules with respect to the ground.

String No. Configuration Description Unit of Measurement Details

1 String Configuration Strings in Array No. 5619

2 Tracking & Orientation System - Fixed

3 - Tilt Degree 45

4 - Azimuth Angle Degree 180

5 - Ground Coverage Ration 0.3

6 Estimate of Land Area
and Usage Total Module Area Meter square 97,186

7 - Total Land Area Acres 80

The loss settings are as follows: module mismatch is 1%; diodes and connections is 0.5%; DC
(direct current) wiring is 1%; nameplate is 1%; and AC (alternating current) wiring is 1%. For the
study, actual load data with each unit cost for each energy meter at the airport was acquired and
the total demand and total bill payment of each month in 2015 were collected, and are shown in
Table 2 [89]. In winter (November to February), the demands are high due to the heating systems loads
compared to no such demand for May and June. The demand in July is slightly higher compared to
June and August since there is one additional electricity demand from recreational vehicles (RVs),
which consumes a little more electricity compared to other months.
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Table 2. Total demand and total bill payment of each month in 2015.

Months Total Demand (kWh) Total Bill Payment (US$)

January 48,507.00 8612.93
February 45,590.00 8513.88

March 42,509.00 8049.09
April 35,852.00 7149.05
May 31,336.00 6568.81
June 26,641.00 5853.03
July 33,420.00 6663.00

August 29,280.00 6138.03
September 26,817.00 5871.14

October 29,894.00 6167.57
November 32,837.00 6783.91
December 39,391.00 7549.51

Total Annual Demand 422,074.00 -

Total Amount Paid - 83,919.95

6. Results and Discussion

The reflection off a solar PV panel from most near normal angles is less than 3% and represents
no risk to air traffic, as can be seen in Figure 4. Figure 4 shows the percentage of reflected light as a
fraction of the total incident radiation from the surface of a PV module as a function of the incident
angle, θ. This percent of reflected light is measured at the location of peak intensity as a function of the
current generated by a photodiode. The results show that the reflection from solar module surface
with incident radiation of 1 sun from angles of 10 to 70◦ varied from the range of 2.08% to 7.15% of
the incident radiation. Overall, the reflections off of the PV panel surface were found to be pretty
stable until the tilt reached glancing angles, from where it started to increase substantially. This is
akin to the behavior of light reflecting from a still source of water such as a pond. The refractive
index of still water is 1.33 [90] and the front glass of solar PV modules are made of standard soda
lime glass, which has a refractive index of 1.50–1.52. It would thus be expected that for a given
angle reflection from a PV front glass surface without any antireflecting (AR) coating is less intense
than that of water. Now, with the current progress in solar module technology and development
in anti-reflection materials such as materials with an index of refraction of 1.05 [91,92], it is safe
to assume that solar PV module will have reflection off their surface dropped further with future
technologies [93–96]. However, even today with the refractive index off PV with AR coating dropping
below 1.33 to 1.20–1.30 [97], PV poses no (or presents tolerable/safe) hazards from reflection for airport
solar PV projects. By comparing the results of the experiments described here (Figure 1) with estimates
from [97], it is clear that modern PV have less intense reflectivity than still surface water. Although
PV are mounted at a tilt angle with regards to the surface, the risk of flash blindness is only present
for the higher angles (e.g., glancing angles). It should be noted, however, that typical AR coatings are
generally optimized for overall reflectance loss, which does not necessarily minimize glancing angle
reflectivity or specific polarizations. By changing the cover glass of solar PV, these glare properties can
be optimized for airports. For example, glass with strong structured surfaces have proven to be most
favorable as its diffusing effect is more effective than antireflective coatings, and initial tests on PV
modules showed no performance loss will be induced if strong structured glass is used as a cover [98].
Minimizing this already small risk can be accomplished by selective placement and orientation for
plane traffic approaches.

In addition, the use of low-tilt angle arrays would also reduce this risk. The disadvantage of such
low-tilt angle arrays is the reduced energy yield per installed unit power of the PV system. However,
as the cost of PV modules themselves have dropped a low-tilt angle system enables closer packing of
modules (e.g., higher power per unit area) and can increase the solar electricity generated per unit
area at an airport. In addition, for airports with surface water, floating solar PV farms [15–21] and
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even aquavoltaics [22] would enable an increased area for PV, as well as possibly reducing water
surface glare.

The most straightforward method to eliminate glare problems is with the selective placement and
orientation of PV for the plane traffic approaches is best accomplished with SGHAT [99], using data
from this paper and recent bidirectional reflectance distribution function work on different materials
on solar installation glare [98], and following careful siting strategies [100–102]. As noted earlier,
this best approach was free as the software was funded by the U.S. government and then, for reasons
not known to the current licensing executives at Sandia National Laboratories, the software became
available only for commercial licensing; currently the use of the software is only available from one
vendor, Forge Solar, with subscription plans running from a free trialup to US$156/month [103]. If it is
assumed that each airport in the U.S. would want access to the Enterprise version to enable the full
optimization of PV arrays, as well as enhanced flight paths over a year of planning, the cost would
be US$156/month × 12 months × 13,000 airports the cost would be over US$24.3 million. This cost
could in part explain why such a small percentage of airports in the U.S. have moved to PV despite
the overwhelming economic advantages seen by large-scale PV systems. This thus illustrates the
need for government-funded research to ascribe to open source principles in both software [104,105],
research [106] and hardware [107,108] so that the value created from publicly funded research is
not locked behind paywalls, which both limits access, but also (as in this case) the deployment of
superior technologies.
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Further, it is found that potential solar PV projects of substantial size do not possess a risk to
aviation from an airspace penetration point of view. Under no conditions would a typical solar PV
farm penetrate the approach surface for flights based on the height of PV racks (and low tilt angle racks
are even shorter). To further secure the areas near to runways and control tower buildings, proper
clearance can be taken from airport authorities themselves, which should result no compromise on the
potential land for solar PV farm usage, as seen in Figure 3.
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The CMX airport has more than 570 acres of land (all the blue sections in Figure 3, i.e., Section A
to F) available and it must be kept clear of trees and vegetation by the airport authorities. Therefore,
there is great potential for solar PV system since, in addition to producing solar electricity, solar PV
deployment could reduce direct labor costs or shift them to a solar energy provider (e.g., if a standard
power purchase agreement (PPA) is used). In the case of CMX, to be extremely conservative case 1
simulation results are first based on using only 80 acres of available land. Some of the available areas
from Figure 3 are sized as zones sized for perspective. This case 1 system would have a much smaller
capital investment than a full potential system of 570 acres (case 2). In addition, not only would it
ensure that under no circumstances would the system interfere with the airport’s existing functionality
(the same as the 570 acres), but it would also enable all future expansion plans. To underscore how
conservative (low estimation of available PV area) this case 2 estimate is, consider that there are existing
cases where approval was given to place part of a PV farm in runway protection zones, which were
excluded from the estimates here [39].

The three rectangles (sections A,B,C) highlighted on the left in Figure 3 are better for deploying
solar panels compared to other three core potential array locations. The reason is the three-land area
are either on the south part of airport (which have least effect glare on airplane) or far away from
runways (which has least effect when plane is landing or taking off). In the case 1 simulation, 80 acres
of land for deploying solar panels is assumed. In Figure 3, Section A and B is chosen for deploying
solar panels.

After simulation in SAM, the monthly energy production is as shown in Figure 5. The data is the
energy production before accounting for the snow losses. The next step is the need to measure the
snow loss, which could be calculated using Equations (1)–(3) [63].Energies 2017, 10, 1194  13 of 20 
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solar system.

Results based on Equation (1)–(3), along with simulations studies, showed that with the increasing
tilt angles from 0◦ to 45◦ for the unobstructed panels, energy loss decreased from 34% to just 5%
annually. With the obstructed modules, the losses varied in the range of 29–34% of the total energy
produced annually [63]. It was not surprising to find the losses for obstructed and unobstructed
panels to be similar as both have the same snow covering in winters due to low or no tilt in the panels.
The difference is substantial at higher tilt angles. The results showed that the optimum tilt angle for the
system without snow is 30 degrees, producing 25.4 million kWh, but this angle has annual snow losses
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of 10% of the annual production, giving only 22.8 million kWh. However, for a tilt angle of 45 degrees,
the annual power generated by the system is 24.8 million kWh lower with no snow, which is a drop of
2.3% from what is produced from a 30◦ tilt. On incorporating the power loss after considering snow
losses of 5.2% for a 45◦ tilt, the resultant annual power generated is actually 2.8% more than from
a system with a 30◦ tilt with snow losses.

The other prominent AC and DC losses in the PV system are typical and default losses in SAM
are used for selecting particular inverter types and other system components. As such, the highest
loss apart from snow is DC module modeled loss, which is only 3.88%. DC inverter maximum power
point tracking, MPPT clipping leads to losses of 0.0403%, while DC mismatch is 1%. DC diode and
connections is 0.5%, DC wiring is 1%, DC nameplate loss is 1%, AC inverter power clipping is 0.32%,
AC inverter power consumption is 0.27%, AC inverter night tare is 0.04%, AC inverter efficiency loss
of 1.59% is used, and AC wiring loss is 1%. Plane of array (POA) shading and soiling is 1.54% and
1%, respectively. As the proposed system is fixed type, DC tracking loss is 0% along with AC step-up
transformer and AC performance adjustment losses, which are also 0%. It is assumed that the PV
system will be used in next 25 years, but for each year there will be 0.5% annual energy production loss,
so the case 1 system will produce about 553 million kWh over its lifetime. This includes 23,487,128 kWh
energy produced for the first year and subsequently dropping to 20,824,944 kWh by the 25th year
in production.

To give a reasonable picture of monthly snow losses, 5.2% of annual loss of the total produced
energy is divided with respect to average snow days in each month for one year. This method
gives a fairly good representation as losses in January and December came out to be 25% and 21%
alone, as shown in Figure 6. This method can be used for PV systems at airports with less detailed
environmental based studies using approximations of losses for the area.Energies 2017, 10, 1194  14 of 20 
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case study 1 [90].

The comparison between energy production and electric load is shown in Figure 6.
As shown in Figure 6, the energy produced by the relatively small solar PV system for case 1 is

substantially higher than the amount of electricity load for each month. The case 1 simulated system
produced 23,487,128 kWh in one year compared to the 422,074 kWh demand of the airport, which
is more than 5560% of the annual demand. To explain the perspective further, if the actual available
land is used which is over 570 acres (case 2), approximately 167,352,321 kWh of power can be yielded,
which is more than 396 times the actual annual electrical demand of the existing airport. An important
point to note here is that the supply with solar is more than the demand even during the winter days
when the demand is highest for the year, and it is also the time when the panels will have maximum



Energies 2017, 10, 1194 14 of 19

losses due to snow and low solar flux. The remainder of the solar generated electricity can be fed
to the grid, thus making the net metering credit high as well, along with helping to improve system
power quality. An average American household consumes approximately 10,812 kWh of energy [109].
If 570 acres of land is utilized; more than 15,400 households can be benefited directly from it by having
100% of the aggregate electrical use covered by the airport PV system. This is a substantial fraction of
the population as it represents roughly half of the county’s (Houghton) population.

In addition to the abovementioned examples, solar PV power systems in or around an airport
may in fact provide additional advantages. DeVault et al. point out that PV systems do not pose
any threat to local biodiversity and, in fact, it is suggested that having solar PV arrays in an airport’s
vicinity may act as a repellent to birds and thus helping to improve the safety of the airspace [110].

Many of the rural domestic airports are similar to CMX, with huge areas under airport
administration and less air traffic. Based on the results achieved here, similar approaches can be
applied to other similar airports. This study has shown that it is technically viable to produce
significant solar electricity on currently under-utilized airport surface areas. In general PV systems
are found to be profitable in much of the U.S., and thus this technical potential provides a substantial
business opportunity. In this particular case, residential electric rates are often over US$0.20/kWh in
the CMX region. This indicates that case 2 (all safe and acceptable land at CMX) could produce over
US$33 million per year in green electricity. As solar PV installations have now dropped below US$1/W
costs [111] solar electricity is now widely cost competitive with other forms of electricity generation.
Future work is necessary to further analyze the business and legal case for solar PV systems deployed
at such airports. Finally, future work is needed to quantify the total potential area for PV system
deployment in all the airports in the U.S. and the entire world in terms of PV power, solar electrical
production per year, reduced greenhouse gas emissions per year and economic value.

7. Conclusions

This study showed how the technical barriers could be overcome for the large-scale deployment
of solar PV in the over 13,000 airports in the U.S. Experimentally measured reflectivity from modern
modules is found to agree with theory and is low enough that basic precautions can allow PV safe
integration with airports. In addition, this paper summarized how radar interference and the physical
penetration of airspace are not major impediments to PV applications at airports. A general approach
to implementation of solar PV systems in an airport is provided. The case studies reviewed for a small
rural airport show that available land area could not only provide more than 39,000% of the actual
annual power demand of the existing airport, but also a significant fraction of the region’s electric
demand with currently dormant surface areas. Such systems can be of great socioeconomic advantage
to the local community given the current costs of grid electricity and the price of PV. Based on the
results achieved here, large-scale deployment of PV at airports shows enormous promise.
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Background	  

Encouraging	  increased	  use	  of	  solar	  photovoltaic	  (PV)	  technology,	  which	  converts	  sunlight	  directly	  into	  
electricity,	  is	  a	  key	  priority	  for	  state	  clean	  energy	  efforts.	  The	  environmental	  benefits	  of	  solar	  PV	  abound.	  
Unlike	  conventional	  fossil	  fuel	  power	  generation	  (such	  as	  coal,	  gas	  and	  oil),	  generating	  electricity	  with	  
ground-‐mounted	  solar	  PV	  involves	  no	  moving	  parts,	  uses	  no	  water,	  and	  produces	  no	  direct	  emissions	  of	  
climate-‐warming	  greenhouse	  gases.	  

Solar	  PV	  environmental	  and	  energy	  benefits,	  combined	  with	  strong	  incentives	  available	  for	  solar	  
projects,	  have	  significantly	  increased	  the	  use	  of	  this	  technology	  recently.	  The	  Commonwealth’s	  vibrant	  
solar	  industry	  has	  a	  variety	  of	  ownership	  and	  financing	  options	  for	  Massachusetts	  residents	  and	  
businesses	  looking	  to	  install	  solar	  PV	  systems.	  Purchasing	  a	  solar	  PV	  system	  generally	  involves	  upfront	  
installation	  and	  equipment	  costs,	  but	  there	  are	  significant	  upfront	  and	  production-‐based	  incentives1.	  

As	  the	  Massachusetts	  clean	  energy	  sector	  grows,	  the	  Baker	  Administration	  is	  working	  to	  ensure	  that	  
solar	  PV	  and	  other	  clean	  energy	  technologies	  are	  sited	  in	  a	  way	  that	  is	  most	  protective	  of	  human	  health	  
and	  the	  environment,	  and	  minimizes	  impacts	  on	  scenic,	  natural,	  and	  historic	  resources.	  	  

Purpose	  of	  Guide	  
	  
This	  guide	  is	  intended	  to	  help	  local	  decision-‐makers	  and	  community	  members	  answer	  common	  
questions	  about	  ground-‐mounted	  solar	  PV	  development.	  Ground-‐mounted	  solar	  PV	  has	  many	  proven	  
advantages	  and	  there	  has	  been	  a	  steady	  growth	  of	  well	  received	  projects	  in	  the	  Commonwealth.	  	  
However,	  these	  systems	  are	  still	  relatively	  new	  and	  unfamiliar	  additions	  to	  our	  physical	  landscape.	  	  

This	  guide	  focuses	  on	  questions	  that	  have	  been	  raised	  concerning	  the	  installation	  and	  operation	  of	  
ground-‐mounted	  solar	  PV	  projects.	  	  It	  provides	  summaries	  and	  links	  to	  existing	  research	  and	  studies	  that	  
can	  help	  understand	  solar	  PV	  technology	  in	  general	  and	  ground-‐mounted	  solar	  in	  particular.	  

Solar	  PV	  panels	  can	  and	  are	  of	  course	  also	  installed	  on	  buildings2,	  car	  ports	  or	  light	  poles.	  	  This	  guide	  
focuses	  on	  ground-‐mounted	  systems	  since	  most	  questions	  relate	  to	  this	  type	  of	  solar	  installation.	  

Developed	  through	  the	  partnership	  of	  the	  Massachusetts	  Department	  of	  Energy	  Resources	  (DOER),	  the	  
Massachusetts	  Department	  of	  Environmental	  Protection	  (MassDEP),	  and	  the	  Massachusetts	  Clean	  
Energy	  Center	  (MassCEC),	  this	  guide	  draws	  from	  existing	  recent	  literature	  in	  the	  United	  States	  and	  
abroad	  and	  is	  not	  the	  result	  of	  new	  original	  scientific	  studies.	  The	  text	  was	  reviewed	  by	  the	  National	  
Renewable	  Energy	  Laboratory	  (NREL).	  

As	  more	  or	  new	  information	  becomes	  available,	  the	  guide	  will	  be	  updated	  and	  expanded	  accordingly.	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  For	  a	  comprehensive	  overview,	  start	  at	  http://masscec.com/index.cfm/page/Solar-‐PV/pid/12584	  
2	  For	  an	  overview	  of	  the	  multiple	  options	  for	  siting	  PV	  and	  buildings	  in	  the	  same	  footprint,	  see	  the	  Solar	  Ready	  
Buildings	  Planning	  Guide,	  NREL,	  2009.	  
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Solar	  PV	  Projects	  Are	  Sited	  Locally	  

The	  siting	  authority	  for	  solar	  PV	  projects	  resides	  at	  the	  local	  -‐	  not	  the	  state	  -‐	  level.	  One	  purpose	  of	  this	  
guide	  is	  to	  inform	  and	  facilitate	  local	  efforts	  to	  expand	  clean	  energy	  generation	  in	  a	  sustainable	  way,	  and	  
provide	  a	  consolidated	  source	  of	  existing	  research	  and	  information	  that	  addresses	  common	  questions	  
faced	  by	  communities.	  

As	  part	  of	  the	  Green	  Communities	  Act	  of	  2008,	  DOER	  and	  the	  Massachusetts	  Executive	  Office	  of	  Energy	  
and	  Environmental	  Affairs	  (EOEEA)	  developed	  a	  model	  zoning	  by-‐law/ordinance	  called	  “as-‐of-‐right	  
siting”	  that	  does	  not	  require	  a	  special	  permit.	  	  It	  is	  designed	  to	  help	  communities	  considering	  adoption	  
of	  zoning	  for	  siting	  of	  large-‐scale	  solar.	  This	  model	  zoning	  by-‐law/ordinance	  provides	  standards	  for	  the	  
placement,	  design,	  construction,	  operation,	  monitoring,	  modification	  and	  removal	  of	  new	  large-‐scale	  
ground-‐mounted	  solar	  PV	  installations.	  The	  latest	  version	  of	  the	  model	  by-‐law	  was	  published	  in	  
December	  20143.	  	  It	  provides	  useful	  information	  that	  will	  not	  be	  repeated	  extensively	  in	  this	  guide.	  	  	  

Consider	  Impacts	  of	  Other	  Possible	  Developments	  at	  Site	  

Use	  of	  land	  for	  the	  purpose	  of	  solar	  photovoltaic	  power	  generation	  should	  be	  compatible	  with	  most	  
other	  types	  of	  land	  usage.	  	  However,	  DOER	  strongly	  discourages	  designating	  locations	  that	  require	  
significant	  tree	  cutting	  because	  of	  the	  important	  water	  management,	  cooling	  and	  climate	  benefits	  trees	  
provide.	  	  DOER	  encourages	  designating	  locations	  in	  industrial	  and	  commercial	  districts,	  or	  on	  vacant,	  
disturbed	  land.	  

When	  assessing	  the	  impact	  of	  new	  ground-‐mounted	  solar	  arrays,	  communities	  and	  other	  stakeholders	  
should	  carefully	  consider	  other	  types	  of	  development	  that	  might	  take	  place	  in	  a	  particular	  location	  if	  
there	  was	  no	  solar	  installation.	  	  Stakeholders	  should	  bear	  in	  mind	  the	  higher	  or	  lower	  impacts	  that	  those	  
alternatives	  might	  have	  in	  terms	  of	  noise,	  air	  pollution	  or	  landscape.	  	  These	  alternative	  impacts	  fall	  
outside	  the	  scope	  of	  this	  guide,	  but	  are	  relevant	  when	  looking	  at	  individual	  projects.	  

	  

	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
3	  http://www.mass.gov/eea/docs/doer/green-‐communities/grant-‐program/model-‐solar-‐zoning.pdf	  	  
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Hazardous	  Materials	  

The	  Question:	  What,	  if	  any,	  health	  risks	  do	  chemicals	  used	  to	  manufacture	  solar	  panels	  and	  other	  
devices	  used	  in	  solar	  PV	  arrays	  pose	  if	  they	  are	  released	  into	  the	  environment?	  
	  
Bottom	  Line:	  Because	  PV	  panel	  materials	  are	  enclosed,	  and	  don’t	  mix	  with	  water	  or	  vaporize	  into	  the	  
air,	  there	  is	  little,	  if	  any,	  risk	  of	  chemical	  releases	  to	  the	  environment	  during	  normal	  use.	  The	  most	  
common	  type	  of	  PV	  panel	  is	  made	  of	  tempered	  glass,	  which	  is	  quite	  strong.	  	  They	  pass	  hail	  tests,	  and	  are	  
regularly	  installed	  in	  Arctic	  and	  Antarctic	  conditions.	  	  Only	  in	  the	  unlikely	  event	  of	  a	  sufficiently	  hot	  fire	  is	  
there	  a	  slight	  chance	  that	  chemicals	  could	  be	  released.	  This	  is	  unlikely	  because	  most	  residential	  fires	  are	  
not	  hot	  enough	  to	  melt	  PV	  components	  and	  PV	  systems	  must	  conform	  to	  state	  and	  federal	  fire	  safety,	  
electrical	  and	  building	  codes.	  	  

Transformers	  used	  at	  PV	  installations,	  that	  are	  similar	  to	  the	  ones	  used	  throughout	  the	  electricity	  
distribution	  system	  in	  cities	  and	  towns,	  have	  the	  potential	  to	  release	  chemicals	  if	  they	  leak	  or	  catch	  fire.	  
Transformer	  coolants	  containing	  halogens	  have	  some	  potential	  for	  toxic	  releases	  to	  the	  air	  if	  combusted.	  
However,	  modern	  transformers	  typically	  use	  non-‐toxic	  coolants,	  such	  as	  mineral	  oils.	  Potential	  releases	  
from	  transformers	  using	  these	  coolants	  at	  PV	  installations	  are	  not	  expected	  to	  present	  a	  risk	  to	  human	  
health.	  	  

More	  Information:	  	  Ground-‐mounted	  PV	  solar	  arrays	  are	  typically	  made	  up	  of	  panels	  of	  silicon	  solar	  cells	  
covered	  by	  a	  thin	  layer	  of	  protective	  glass,	  which	  is	  attached	  to	  an	  inert	  solid	  underlying	  substance	  (or	  
“substrate”).	  While	  the	  vast	  majority	  of	  PV	  panels	  currently	  in	  use	  are	  made	  of	  silicon,	  certain	  types	  of	  
solar	  cells	  may	  contain	  cadmium	  telluride	  (CdTe),	  copper	  indium	  diselenide	  (CIS),	  and	  gallium	  arsenide	  
(GaAs).	  

All	  solar	  panel	  materials,	  including	  the	  chemicals	  noted	  above,	  are	  contained	  in	  a	  solid	  matrix,	  insoluble	  
and	  non-‐volatile	  at	  ambient	  conditions,	  and	  enclosed.	  Therefore,	  releases	  to	  the	  ground	  from	  leaching,	  
to	  the	  air	  from	  volatilization	  during	  use,	  or	  from	  panel	  breakage,	  are	  not	  a	  concern.	  Particulate	  
emissions	  could	  only	  occur	  if	  the	  materials	  were	  ground	  to	  a	  fine	  dust,	  but	  there	  is	  no	  realistic	  scenario	  
for	  this.	  Panels	  exposed	  to	  extremely	  high	  heat	  could	  emit	  vapors	  and	  particulates	  from	  PV	  panel	  
components	  to	  the	  air.	  However,	  researchers	  have	  concluded	  that	  the	  potential	  for	  emissions	  derived	  
from	  PV	  components	  during	  typical	  fires	  is	  limited	  given	  the	  relatively	  short-‐duration	  of	  most	  fires	  and	  
the	  high	  melting	  point	  (>1000	  degrees	  Celsius)	  of	  PV	  materials	  compared	  to	  the	  roof	  level	  temperatures	  
typically	  observed	  during	  residential	  fires	  (800-‐900	  degrees	  Celsius).	  In	  the	  rare	  instance	  where	  a	  solar	  
panel	  might	  be	  subject	  to	  higher	  temperatures,	  the	  silicon	  and	  other	  chemicals	  that	  comprise	  the	  solar	  
panel	  would	  likely	  bind	  to	  the	  glass	  that	  covers	  the	  PV	  cells	  and	  be	  retained	  there.	  	  
	  
Release	  of	  any	  toxic	  materials	  from	  solid	  state	  inverters	  is	  also	  unlikely	  provided	  appropriate	  electrical	  
and	  installation	  requirements	  are	  followed.	  	  For	  more	  information	  on	  public	  safety	  and	  fire,	  see	  the	  
Public	  Safety	  section	  of	  this	  document.	  

We	  should	  also	  note	  that	  usually	  the	  rain	  is	  sufficient	  to	  keep	  the	  panels	  clean,	  so	  no	  extra	  cleaning	  in	  
which	  cleaning	  products	  might	  be	  used,	  is	  necessary.	  
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Fthenakis,	  V.M.,	  Overview	  of	  Potential	  Hazards	  in	  Practical	  Handbook	  of	  Photovoltaics:	  Fundamentals	  
and	  Applications,	  General	  editors	  T.	  Markvart	  and	  L.	  Castaner,	  to	  be	  published	  by	  Elsevier	  in	  2003.	  
	  	  
Fthenakis,	  V.M.	  Life	  cycle	  impact	  analysis	  of	  cadmium	  in	  CdTe	  PV	  production.	  Renewable	  and	  
Sustainable	  Energy	  Reviews	  8,	  303-‐334,	  2004.	  

Fthenakis	  V.M.,	  Kim	  H.C.,	  Colli	  A.,	  and	  Kirchsteiger	  C.,	  Evaluation	  of	  Risks	  in	  the	  Life	  Cycle	  of	  
Photovoltaics	  in	  a	  Comparative	  Context,	  21st	  European	  Photovoltaic	  Solar	  Energy	  Conference,	  Dresden,	  
Germany,	  4-‐8	  September	  2006.	  	  

Moskowitz	  P.	  and	  Fthenakis	  V.,	  Toxic	  materials	  released	  from	  photovoltaic	  modules	  during	  fires;	  health	  
risks,	  Solar	  Cells,	  29,	  63-‐71,	  1990.	  

Sherwani,	  A.F.,	  Usmani,	  J.A.,	  &	  Varun.	  Life	  cycle	  assessment	  of	  solar	  PV	  based	  electricity	  generation	  
systems:	  A	  review.	  Renewable	  and	  Sustainable	  Energy	  Reviews.	  14,	  540-‐544,	  2010.	  

Zayed,	  J;	  Philippe,	  S	  (2009-‐08).	  "Acute	  Oral	  and	  Inhalation	  Toxicities	  in	  Rats	  With	  Cadmium	  Telluride"	  
(PDF).	  International	  journal	  of	  toxicology	  (International	  Journal	  of	  Toxicology)	  28	  (4):	  259–65.	  
doi:10.1177/1091581809337630.	  PMID	  19636069. http://ijt.sagepub.com/cgi/content/short/28/4/259. 
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End-‐of-‐Life/Decommissioning	  

Question:	  How	  do	  I	  manage	  solar	  panels	  after	  they	  are	  decommissioned	  and	  no	  longer	  in	  use?	  	  Can	  they	  
be	  recycled	  and	  do	  hazardous	  waste	  disposal	  requirements	  apply?	  

Bottom	  Line:	  As	  more	  solar	  panels	  are	  decommissioned	  interest	  in	  recycling	  the	  panels	  has	  increased	  in	  
Europe	  and	  the	  U.S.	  	  Massachusetts	  regulations	  ensure	  proper	  disposal	  and	  recycling	  of	  panels	  if	  they	  
have	  components	  that	  constitute	  solid	  or	  hazardous	  waste	  under	  state	  regulations.	  

More	  information:	  The	  average	  life	  of	  solar	  PV	  panels	  can	  be	  20-‐30	  years	  (or	  longer)	  after	  initial	  
installation.	  PV	  cells	  typically	  lose	  about	  0.5%	  of	  their	  energy	  production	  capacity	  per	  year.	  At	  the	  time	  
of	  decommissioning,	  panels	  may	  be	  reused,	  recycled	  or	  disposed.	  Since	  widespread	  use	  of	  solar	  PV	  is	  
recent	  in	  Massachusetts,	  only	  a	  small	  percentage	  of	  solar	  panels	  in	  use	  in	  the	  state	  have	  had	  to	  be	  
replaced	  due	  to	  damage	  or	  reached	  the	  end	  of	  their	  useful	  lifetime.	  A	  significant	  increase	  in	  the	  amount	  
of	  end-‐of-‐life	  PV	  modules	  is	  expected	  over	  the	  next	  few	  decades.	  

When	  solar	  panels	  are	  decommissioned	  and	  discarded,	  state	  rules	  require	  that	  panel	  disposal	  be	  
“properly	  managed”	  pursuant	  to	  the	  Massachusetts	  hazardous	  waste	  regulations,	  310	  CMR	  30.000.	  
There	  are	  many	  different	  types	  of	  solar	  panels	  used	  in	  ground-‐mounted	  or	  roof	  mounted	  solar	  PV	  
systems;	  some	  of	  these	  panels	  have	  components	  that	  may	  require	  special	  hazardous	  waste	  disposal	  or	  
recycling.	  Solar	  module	  manufacturers	  typically	  provide	  a	  list	  of	  materials	  used	  in	  the	  manufacturing	  of	  
their	  product,	  which	  may	  be	  used	  to	  determine	  the	  proper	  disposal	  requirements	  at	  the	  time	  of	  
decommissioning.	  	  Under	  the	  hazardous	  waste	  regulations,	  the	  burden	  is	  on	  the	  generator	  of	  the	  panels	  
to	  determine	  if	  the	  waste	  being	  generated	  (the	  solar	  panels)	  is	  hazardous	  or	  not.	  	  This	  determination	  can	  
be	  made	  using	  “knowledge”	  (i.e.	  an	  MSDS	  sheet	  listing	  the	  materials	  used	  in	  manufacture	  of	  the	  panels)	  
or	  testing	  (i.e.	  the	  Toxicity	  Characteristic	  Leaching	  Procedure	  –	  TCLP).	  	  	  

If	  a	  panel	  is	  tested	  and	  passes	  TCLP	  then	  it	  is	  regulated	  as	  a	  solid	  waste;	  if	  it	  fails	  TCLP	  then	  it	  is	  regulated	  
as	  a	  hazardous	  waste.	  

However,	  if	  the	  solar	  panel	  is	  determined	  to	  be	  hazardous	  due	  solely	  to	  the	  presence	  of	  metal-‐bearing	  
circuit	  boards,	  the	  panels	  may	  be	  conditionally	  exempt	  from	  the	  hazardous	  waste	  regulations	  if	  destined	  
for	  recycling.	  	  	  See	  310	  CMR	  30.202(5)(d)-‐(e)	  in	  the	  Mass.	  Hazardous	  Waste	  Regulations.4	  

People	  who	  lease	  land	  for	  solar	  projects	  are	  encouraged	  to	  include	  end-‐of-‐life	  panel	  management	  as	  
part	  of	  the	  lease.	  In	  cases	  where	  panels	  are	  purchased,	  owners	  need	  to	  determine	  whether	  the	  end-‐of	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
4	  (5)	  The	  following	  materials	  are	  not	  subject	  to	  310	  CMR	  30.200,	  or	  any	  other	  provision	  of	  310	  
CMR	  30.000:	  	  

(d)	  Whole	  used	  circuit	  boards	  being	  recycled	  provided	  they	  are	  free	  of	  mercury	  switches,	  
mercury	  relays,	  nickel-‐cadmium	  batteries,	  or	  lithium	  batteries.	  
(e)	  Shredded	  circuit	  boards	  being	  recycled	  provided	  that	  they	  are:	  

1.	  managed	  in	  containers	  sufficient	  to	  prevent	  a	  release	  to	  the	  environment	  prior	  to	  
recovery;	  and,	  
2.	  free	  of	  mercury	  switches,	  mercury	  relays	  and	  nickel-‐cadmium	  batteries	  and	  lithium	  
batteries.	  	  
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life	  panels	  are	  a	  solid	  or	  hazardous	  waste	  and	  dispose	  or	  recycle	  the	  panels	  appropriately.	  	  
Massachusetts	  regulations	  require	  testing	  of	  waste	  before	  disposal.	  

	  
Because	  of	  the	  various	  materials	  used	  to	  produce	  solar	  panels	  (such	  as	  metal	  and	  glass),	  interest	  in	  
recycling	  of	  solar	  modules	  has	  grown.	  Throughout	  Europe,	  a	  not-‐for-‐profit	  association	  (PV	  Cycle)	  is	  
managing	  a	  voluntary	  collection	  and	  recycling	  program	  for	  end-‐of-‐life	  PV	  modules.	  The	  American	  
photovoltaic	  industry	  is	  not	  required	  by	  state	  or	  federal	  regulation	  to	  recycle	  its	  products,	  but	  several	  
solar	  companies	  are	  starting	  to	  recycle	  on	  a	  voluntary	  basis.	  Some	  manufacturers	  are	  offering	  end-‐of-‐life	  
recycling	  options	  and	  independent	  companies	  looking	  to	  recycle	  solar	  modules	  are	  growing.	  This	  allows	  
for	  the	  recycling	  of	  the	  PV	  panels	  and	  prevents	  issues	  with	  the	  hazardous	  materials.	  Currently,	  the	  
California	  Department	  of	  Toxic	  Substances	  Control	  is	  considering	  standards	  for	  the	  management	  of	  solar	  
PV	  panels	  at	  the	  end	  of	  their	  use.	  

DOER’s	  model	  zoning	  provides	  language	  on	  requirements	  for	  abandonment	  and	  decommissioning	  of	  
solar	  panels	  for	  use	  by	  local	  officials	  considering	  local	  approvals	  for	  these	  projects.	  

Resources	  
	  
End-‐of-‐life	  PV:	  then	  what?	  -‐	  Recycling	  solar	  PV	  panels	  
http://www.renewableenergyfocus.com/view/3005/end-‐of-‐life-‐pv-‐then-‐what-‐recycling-‐solar-‐pv-‐panels/	  
	  
MassDEP	  Hazardous	  Waste	  Regulations	  310	  CMR	  30.000	  
http://www.mass.gov/eea/agencies/massdep/recycle/regulations/310-‐cmr-‐30-‐000.html	  
	  
PV	  Cycle,	  Europe:	  http://www.pvcycle.org/	  
	  
California	  Department	  of	  Toxic	  Substances	  Control,	  Proposed	  Standards	  for	  the	  Management	  of	  
Hazardous	  Waste	  Solar	  Modules,	  
http://www.dtsc.ca.gov/LawsRegsPolicies/Regs/Reg_Exempt_HW_Solar_Panels.cfm	  

	   	  



9	  
	  

Ambient	  Temperature	  (“Heat	  Island”)	  	  

The	  Question:	  Does	  the	  presence	  of	  ground-‐mounted	  solar	  PV	  arrays	  cause	  higher	  ambient	  
temperatures	  in	  the	  surrounding	  neighborhood	  (i.e.,	  the	  “heat	  island”	  effect)?	  

Bottom	  Line:	  All	  available	  evidence	  indicates	  that	  there	  is	  no	  solar	  “heat	  island”	  effect	  caused	  by	  the	  
functioning	  of	  solar	  arrays.	  Cutting	  shade	  trees	  for	  solar	  PV	  might	  increase	  the	  need	  for	  cooling	  if	  those	  
trees	  were	  shading	  buildings.	  This	  is	  primarily	  a	  concern	  in	  town	  centers	  and	  residential	  areas	  (locations	  
where	  large	  ground-‐mounted	  PV	  is	  not	  encouraged)	  and	  is	  a	  potential	  impact	  of	  any	  development	  
activity	  that	  requires	  tree-‐cutting.	  

More	  Information:	  	  All	  available	  evidence	  indicates	  that	  there	  is	  no	  solar	  “heat	  island”	  effect	  caused	  by	  
the	  functioning	  of	  solar	  arrays.	  	  Solar	  panels	  absorb	  photons	  from	  direct	  sunlight	  and	  convert	  it	  to	  
electricity.	  This	  minimizes	  the	  likelihood	  of	  substantially	  changing	  temperatures	  at	  the	  site	  or	  the	  
surrounding	  neighborhood.	  For	  an	  area	  with	  no	  PV	  system,	  solar	  energy	  impacting	  the	  ground	  is	  either	  
reflected	  or	  absorbed.	  There	  is	  no	  research	  to	  support	  heat	  production	  from	  the	  solar	  panels	  
themselves.	  

Sunpower,	  a	  private	  solar	  manufacturer,	  conducted	  a	  study	  on	  the	  impact	  of	  solar	  PV	  on	  the	  local	  
temperature,	  and	  concluded	  that	  a	  solar	  PV	  array	  can	  absorb	  a	  higher	  percentage	  of	  heat	  than	  a	  
forested	  parcel	  of	  land	  without	  an	  array.	  The	  study	  points	  out	  that	  while	  solar	  PV	  modules	  can	  reach	  
high	  operating	  temperatures	  up	  to	  120	  degrees	  Fahrenheit,	  they	  are	  thin	  and	  lightweight	  and	  therefore	  
do	  not	  store	  a	  large	  amount	  of	  heat.	  Because	  of	  this,	  and	  the	  fact	  that	  panels	  are	  also	  shown	  to	  cool	  to	  
ambient	  air	  temperature	  shortly	  after	  the	  sun	  sets,	  the	  Sunpower	  study	  concludes	  that	  the	  area	  
surrounding	  a	  large-‐scale	  solar	  array	  is	  unlikely	  to	  experience	  a	  net	  heating	  change	  from	  the	  panels.	  

If	  trees	  are	  removed	  that	  were	  previously	  shading	  a	  building,	  that	  building	  could	  get	  warmer	  in	  full	  
sunshine	  than	  when	  the	  trees	  were	  shading	  it.	  	  The	  June	  1,	  2011	  tornado	  that	  ripped	  through	  Western	  
Massachusetts	  created	  an	  opportunity	  to	  empirically	  measure	  the	  effects	  of	  the	  loss	  of	  neighborhood	  
trees	  on	  temperatures	  and	  air	  humidity	  in	  the	  streets.	  A	  report	  by	  the	  U.S.	  Department	  of	  Agriculture	  
Forest	  Service	  concluded	  that	  daily	  mean	  morning	  and	  afternoon	  temperatures	  were	  typically	  greater	  in	  
the	  tornado-‐impacted	  neighborhood	  in	  Springfield,	  Massachusetts	  than	  in	  the	  unaffected	  neighborhood	  
and	  forest	  sites,	  but	  were	  similar	  at	  night.	  Residents	  noted	  increased	  use	  of	  air-‐conditioning	  units	  and	  an	  
overall	  increase	  in	  energy	  costs	  in	  July	  and	  August	  of	  2011.	  

Resources:	  

SUNPOWER,	  Impact	  of	  PV	  Systems	  on	  Local	  Temperature,	  July	  2010	  

USDA	  Forest	  Services	  report:	  http://www.regreenspringfield.com/wp-‐
content/uploads/2011/11/tornado%20climate%20report%203.pdf	  	  

	  



10	  
	  

Electric	  and	  Magnetic	  Fields	  (EMF)	  

The	  Question:	  	  What,	  if	  any,	  health	  risks	  do	  the	  electric	  and	  magnetic	  fields	  (EMF)	  from	  solar	  panels	  and	  
other	  components	  of	  solar	  PV	  arrays	  pose?	  

Bottom	  Line:	  Electric	  and	  magnetic	  fields	  are	  a	  normal	  part	  of	  life	  in	  the	  modern	  world.	  PV	  arrays	  
generate	  EMF	  in	  the	  same	  extremely	  low	  frequency	  (ELF)	  range	  as	  electrical	  appliances	  and	  wiring	  found	  
in	  most	  homes	  and	  buildings.	  The	  average	  daily	  background	  exposure	  to	  magnetic	  fields	  is	  estimated	  to	  
be	  around	  one	  mG	  (milligauss	  –	  the	  unit	  used	  to	  measure	  magnetic	  field	  strength),	  but	  can	  vary	  
considerably	  depending	  on	  a	  person’s	  exposure	  to	  EMF	  from	  household	  electrical	  devices	  and	  wiring.	  
The	  lowest	  exposure	  level	  that	  has	  been	  potentially	  associated	  with	  a	  health	  effect	  is	  three	  mG.	  	  	  
Measurements	  at	  three	  commercial	  PV	  arrays	  in	  Massachusetts	  demonstrated	  that	  their	  contributions	  
to	  off-‐site	  EMF	  exposures	  were	  low	  (less	  than	  0.5	  mG	  at	  the	  site	  boundary),	  which	  is	  consistent	  with	  the	  
drop	  off	  of	  EMF	  strength	  based	  on	  distance	  from	  the	  source.	  	  	  

More	  Information:	  	  Solar	  PV	  panels,	  inverters	  and	  other	  components	  that	  make	  up	  solar	  PV	  arrays	  
produce	  extremely	  low	  frequency	  EMF	  when	  generating	  and	  transmitting	  electricity.	  The	  extremely	  low	  
frequency	  EMF	  from	  PV	  arrays	  is	  the	  same	  as	  the	  EMF	  people	  are	  exposed	  to	  from	  household	  electrical	  
appliances,	  wiring	  in	  buildings,	  and	  power	  transmission	  lines	  (all	  at	  the	  power	  frequency	  of	  60	  hertz).	  
EMF	  produced	  by	  cell	  phones,	  radios	  and	  microwaves	  is	  at	  much	  higher	  frequencies	  (30,000	  hertz	  and	  
above).	  

Electric	  fields	  are	  present	  when	  a	  device	  is	  connected	  to	  a	  power	  source,	  but	  are	  shielded	  or	  blocked	  by	  
common	  materials,	  resulting	  in	  low	  potential	  for	  exposures.	  On	  the	  other	  hand,	  magnetic	  fields,	  which	  
are	  only	  generated	  when	  a	  device	  is	  turned	  on,	  are	  not	  easily	  shielded	  and	  pass	  through	  most	  objects,	  
resulting	  in	  greater	  potential	  for	  exposure.	  Both	  types	  of	  fields	  are	  strongest	  at	  the	  source	  and	  their	  
strength	  decreases	  rapidly	  as	  the	  distance	  from	  the	  source	  increases.	  For	  example,	  the	  magnetic	  field	  
from	  a	  vacuum	  cleaner	  six	  inches	  away	  from	  the	  motor	  is	  300	  mG	  and	  decreases	  to	  two	  mG	  three	  feet	  
away.	  People	  are	  exposed	  to	  EMF	  during	  normal	  use	  of	  electricity	  and	  exposure	  varies	  greatly	  over	  time,	  
depending	  on	  the	  distance	  to	  various	  household	  appliances	  and	  the	  length	  of	  time	  they	  are	  on.	  The	  daily	  
average	  background	  level	  of	  magnetic	  fields	  for	  US	  residents	  is	  one	  mG.	  

EMF	  from	  PV	  Arrays:	  Solar	  PV	  panels	  produce	  low	  levels	  of	  extremely	  low	  frequency	  (ELF)	  EMF,	  with	  
measured	  field	  strengths	  of	  less	  than	  one	  mG	  three	  inches	  from	  the	  panel.	  Solar	  PV	  power	  inverters,	  
transformers	  and	  conduits	  generate	  higher	  levels	  of	  ELF-‐EMF.	  The	  amount	  of	  ELF-‐EMF	  is	  proportional	  to	  
the	  electrical	  capacity	  of	  the	  inverter	  and	  is	  greater	  when	  more	  current	  (electricity)	  is	  flowing	  through	  a	  
power	  line.	  	  	  

In	  a	  study	  of	  two	  PV	  arrays	  (using	  10-‐20	  kW	  invertors)	  in	  Kerman	  and	  Davis,	  California,	  the	  magnetic	  field	  
was	  highest	  at	  the	  inverters	  and	  transformers,	  but	  decreased	  rapidly	  to	  less	  than	  one	  mG	  within	  50	  feet	  
of	  the	  units,	  well	  within	  the	  boundary	  of	  the	  PV	  array	  (Chang	  and	  Jennings	  1994).	  This	  data	  indicates	  
that	  extremely	  low	  frequency	  EMF	  field	  strengths	  at	  residences	  near	  systems	  of	  this	  size	  would	  be	  below	  
the	  typical	  levels	  experienced	  by	  most	  people	  at	  home.	  The	  highest	  extremely	  low	  frequency	  EMF	  (up	  to	  
1,050	  mG)	  was	  found	  next	  to	  an	  inverter	  unit	  at	  the	  point	  of	  entry	  of	  the	  electrical	  conduits.	  Even	  this	  
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value	  is	  less	  than	  the	  extremely	  low	  frequency	  EMF	  reported	  for	  some	  common	  household	  devices	  such	  
as	  an	  electric	  can	  opener	  with	  a	  maximum	  of	  1500	  mG	  at	  6	  inches.	  	  	  

In	  a	  recent	  study	  of	  three	  ground	  mounted	  PV	  arrays	  in	  Massachusetts,	  the	  above	  results	  were	  
confirmed.	  	  The	  PV	  arrays	  had	  a	  capacity	  range	  of	  1	  to	  3.5	  MW.	  	  Magnetic	  field	  levels	  along	  the	  PV	  array	  
site	  boundary	  were	  in	  the	  very	  low	  range	  of	  0.2	  to	  0.4	  mG.	  	  Magnetic	  fields	  at	  3	  to	  7	  feet	  from	  the	  
inverters	  ranged	  from	  500	  to	  150	  mG.	  	  At	  a	  distance	  of	  150	  feet	  from	  the	  inverters,	  these	  fields	  dropped	  
back	  to	  very	  low	  levels	  of	  0.5	  mG	  or	  less,	  and	  in	  many	  cases	  to	  much	  less	  than	  background	  levels	  (0.2	  
mG).	  

Potential	  Health	  Effects:	  	  Four	  research	  studies	  have	  reported	  an	  association	  between	  three	  to	  four	  mG	  
EMF	  exposure	  and	  childhood	  leukemia,	  while	  11	  other	  studies	  have	  not.	  These	  studies	  are	  inconsistent	  
and	  do	  not	  demonstrate	  a	  causal	  link	  that	  would	  trigger	  a	  World	  Health	  Organization	  (WHO)	  designation	  
of	  EMF	  as	  a	  possible	  carcinogen5.	  Studies	  looking	  at	  other	  cancers	  in	  humans	  and	  animals	  have	  not	  
found	  evidence	  of	  a	  link	  to	  residential	  ELF-‐EMF	  exposure.	  	  	  

Reference	  Exposure	  Levels:	  To	  protect	  the	  general	  public	  from	  health	  effects	  from	  short-‐term	  high	  level	  
magnetic	  fields,	  the	  International	  Commission	  on	  Non-‐Ionizing	  Radiation	  Protection	  (ICNIRP,	  2010)	  
advised	  an	  exposure	  limit	  for	  extremely	  low	  frequency	  magnetic	  fields	  at	  2000	  mG.	  ICNIRP	  determined	  
that	  the	  evidence	  on	  the	  impact	  of	  long-‐term	  exposure	  to	  low	  level	  magnetic	  fields	  was	  too	  uncertain	  to	  
use	  to	  set	  a	  guideline.	  Guidelines	  for	  the	  magnetic	  field	  allowed	  at	  the	  edge	  of	  transmission	  line	  right-‐of-‐
ways	  have	  been	  set	  at	  200	  mG	  by	  Florida	  and	  New	  York.	  Exposure	  to	  magnetic	  fields	  greater	  than	  1000	  
mG	  is	  not	  recommended	  for	  people	  with	  pacemakers	  or	  defibrillators	  (ACGIH,	  2001).	  	  

Resources:	  

American	  Conference	  of	  Government	  Industrial	  Hygienist	  (ACGIH).	  2001.	  as	  cited	  in	  NIEHS	  2002.	  

Chang,	  GJ	  and	  Jennings,	  C.	  1994.	  Magnetic	  field	  survey	  at	  PG&E	  photovoltaic	  sites.	  PG&E	  R&D	  Report	  
007.5-‐94-‐6.	  	  	  

Electric	  Power	  Research	  Institute	  (EPRI).	  2012.	  EMF	  and	  your	  health.	  
http://my.epri.com/portal/server.pt?Abstract_id=000000000001023105.	  	  

International	  Commission	  on	  Non-‐Ionizing	  Radiation	  Protection	  (ICNIRP).	  2010.	  ICNIRP	  Guidelines	  for	  
limiting	  exposure	  to	  time-‐varying	  electric	  and	  magnetic	  fields	  (1	  Hz	  –	  100kHz).	  Health	  Physics	  99(6):818-‐
836.	  

National	  Cancer	  Institute	  (NCI).	  2005.	  Magnetic	  Field	  Exposure	  and	  Cancer:	  Questions	  and	  Answers.	  	  U.S.	  
Department	  of	  Health	  and	  Human	  Services,	  National	  Institutes	  of	  Health.	  Available	  
http://www.cancer.gov/cancertopics/factsheet/Risk/magnetic-‐fields,	  accessed	  May	  14,	  2012.	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
5	  WHO	  has	  designated	  ELF-‐EMF	  as	  a	  possible	  carcinogen.	  The	  use	  of	  the	  label	  “possible	  carcinogen”	  indicates	  that	  
there	  is	  not	  enough	  evidence	  to	  designate	  ELF-‐EMF	  as	  a	  “probable	  carcinogen	  “or	  “human	  carcinogen,”	  the	  two	  
indicators	  of	  higher	  potential	  for	  being	  carcinogenic	  in	  humans.	  
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National	  Institute	  of	  Environmental	  Health	  Science	  (NIEHS)	  2002.	  Electric	  and	  Magnetic	  Fields	  Associated	  
with	  the	  Use	  of	  Electric	  Power:	  Questions	  and	  Answers.	  Available	  
http://www.niehs.nih.gov/health/assets/docs_p_z/results_of_emf_research_emf_questions_answers_b
ooklet.pdf,	  accessed	  May	  11,	  2012.	  

National	  Institute	  of	  Environmental	  Health	  Science	  (NIEHS)	  web	  page	  on	  EMF.	  Available	  
http://www.niehs.nih.gov/health/topics/agents/emf/,	  accessed	  May	  11,	  2012.	  

Oregon	  Department	  of	  Transportation	  (Oregon	  DOT).	  Scaling	  public	  concerns	  of	  electromagnetic	  fields	  
produced	  by	  solar	  photovoltaic	  arrays.	  Produced	  by	  Good	  Company	  for	  ODOT	  for	  the	  West	  Linn	  Solar	  
Highway	  Project.	  Available	  www.oregon.gov/ODOT/HWY/OIPP/docs/emfconcerns.pdf.	  

World	  Health	  Organization	  (WHO).	  2007.	  Electromagnetic	  fields	  and	  public	  health:	  Exposure	  to	  
extremely	  low	  frequency	  fields.	  Fact	  sheet	  N°322.	  June	  2007.	  Available	  
http://www.who.int/mediacentre/factsheets/fs322/en/index.html,	  accessed	  May	  16,	  2012.	  This	  fact	  
sheet	  provides	  a	  short	  summary	  of	  the	  in-‐depth	  review	  documented	  in	  the	  WHO	  2007,	  Environmental	  
Health	  Criteria	  238.	  Available	  http://www.who.int/peh-‐emf/publications/elf_ehc/en/index.html.	  
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Property	  Values	  

Question:	  How	  do	  ground-‐mounted	  solar	  PV	  arrays	  adjacent	  to	  residential	  neighborhoods	  influence	  the	  
property	  values	  in	  those	  neighborhoods?	  

Bottom	  Line:	  No	  research	  was	  found	  specific	  to	  ground-‐mounted	  solar	  PV	  and	  property	  values.	  	  
Residential	  property	  value	  research	  on	  roof-‐mounted	  solar	  PV	  and	  wind	  turbines	  illustrates	  no	  evidence	  
of	  devaluation	  of	  homes	  in	  the	  area.	  Municipalities	  that	  adopt	  zoning	  for	  solar	  facilities	  may	  want	  to	  
consider	  encouraging	  project	  developers	  to	  include	  screening	  vegetation	  along	  site	  borders	  to	  minimize	  
visual	  impacts	  on	  surrounding	  neighborhoods.	  

More	  Information:	  A	  review	  of	  literature	  nationwide	  shows	  little	  evidence	  that	  solar	  arrays	  influence	  
nearby	  property	  values.	  An	  analysis	  focused	  on	  roof-‐mounted	  solar	  PV	  done	  by	  the	  U.S.	  Department	  of	  
Energy	  Lawrence	  Berkeley	  National	  Laboratory	  concludes	  that	  household	  solar	  installation	  actually	  
increases	  home	  property	  values.	  This	  research	  analyzes	  a	  large	  dataset	  of	  California	  homes	  that	  sold	  
from	  2000	  through	  mid-‐2009	  with	  PV	  installed.	  Across	  a	  large	  number	  of	  repeat	  sales	  model	  
specifications	  and	  robustness	  tests,	  the	  analysis	  finds	  strong	  evidence	  that	  California	  homes	  with	  PV	  
systems	  have	  sold	  for	  a	  premium	  over	  comparable	  homes	  without	  PV	  systems.	  	  

Resources:	  

An	  Analysis	  of	  the	  Effects	  of	  Residential	  Photovoltaic	  Energy	  Systems	  on	  Home	  Sales	  Prices	  in	  California	  
http://emp.lbl.gov/sites/all/files/lbnl-‐4476e.pdf	  
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Public	  Safety	  (including	  fires)	  

Question:	  What	  public	  safety	  issues	  arise	  from	  people’s	  (including	  children)	  access	  to	  areas	  where	  solar	  
arrays	  are	  installed?	  	  Can	  electrical	  and	  other	  equipment	  associated	  with	  solar	  projects	  cause	  electrical	  
fires?	  

Bottom	  Line:	  Large-‐scale	  ground-‐mounted	  arrays	  are	  typically	  enclosed	  by	  fencing.	  This	  prevents	  
children	  and	  the	  general	  public	  from	  coming	  into	  contact	  with	  the	  installations,	  thus	  preventing	  unsafe	  
situations.	  The	  National	  Electric	  Code	  has	  mandatory	  requirements	  to	  promote	  the	  electrical	  safety	  of	  
solar	  PV	  arrays.	  Emergency	  personnel	  responding	  to	  potential	  emergencies	  at	  a	  solar	  PV	  site	  face	  the	  
most	  risk,	  but	  the	  solar	  industry	  and	  firefighters	  provide	  training	  and	  education	  for	  emergency	  
personnel	  to	  ensure	  that	  the	  proper	  safety	  precautions	  are	  taken.	  	  	  

More	  Information:	  The	  National	  Electric	  Code	  has	  mandatory	  requirements	  for	  the	  electrical	  safety	  of	  
solar	  PV	  arrays.	  	  To	  protect	  against	  intruders,	  Article	  690	  of	  the	  National	  Electric	  Code	  covers	  the	  safety	  
standards	  for	  solar	  PV	  installation	  and	  requires	  that	  conductors	  installed	  as	  part	  of	  solar	  PV	  be	  “not	  
readily	  accessible”.	  With	  a	  large-‐scale	  ground-‐mounted	  array,	  a	  fence	  is	  typically	  installed	  around	  the	  
system	  to	  prevent	  intruders.	  Some	  communities	  have	  solar	  PV	  or	  signage	  by-‐laws	  that	  require	  
identification	  of	  the	  system	  owner	  and	  24-‐hour	  emergency	  contact	  information.	  	  

DOER’s	  Model	  by-‐Law/ordinance	  requires	  owners	  of	  solar	  PV	  facilities	  to	  provide	  a	  copy	  of	  the	  project	  
summary,	  electrical	  schematic,	  and	  site	  plan	  to	  the	  local	  fire	  chief,	  who	  can	  then	  work	  with	  the	  owner	  
and	  local	  emergency	  services	  to	  develop	  an	  emergency	  response	  plan.	  

These	  measures	  can	  be	  combined	  with	  products	  to	  prevent	  theft	  of	  the	  panels.	  	  Some	  are	  very	  low	  cost	  
options	  (fastener	  type)	  while	  there	  are	  other	  options	  that	  are	  more	  expensive	  (alarm	  system	  type)	  but	  
also	  more	  effective.	  	  The	  biggest	  potential	  risk	  associated	  with	  solar	  PV	  systems	  is	  the	  risk	  of	  shock	  or	  
electrocution	  for	  firefighters	  and	  other	  emergency	  responders	  who	  could	  come	  in	  contact	  with	  high	  
voltage	  conductors.	  	  A	  2010	  study	  on	  firefighter	  safety	  and	  emergency	  response	  for	  solar	  PV	  systems	  by	  
the	  Fire	  Protection	  Research	  Foundation,	  based	  in	  Quincy,	  Massachusetts,	  recommended	  steps	  
firefighters	  can	  take	  when	  dealing	  with	  wiring	  and	  other	  components	  that	  may	  be	  energized.	  	  The	  Solar	  
Energy	  Business	  Association	  of	  New	  England	  (SEBANE)	  has	  been	  working	  to	  provide	  training	  and	  
education	  to	  first-‐responders	  to	  identify	  and	  avoid	  potential	  hazards	  when	  responding	  to	  a	  solar	  PV	  fire.	  	  	  

For	  more	  information	  about	  toxics/fires,	  see	  the	  Hazardous	  Materials	  Section.	  

Resources:	  

Moskowitz,	  P.D.	  and	  Fthenakis,	  V.M.,	  Toxic	  Materials	  Released	  from	  Photovoltaic	  Modules	  During	  Fires:	  
Health	  Risks,	  Solar	  Cells,	  29,	  63-‐71,	  1990.	  21.	  	  	  

Solar	  America	  Board	  for	  Codes	  and	  Standards	  
http://www.solarabcs.org/about/publications/reports/blindspot/pdfs/BlindSpot.pdf	  
	  
Fire	  Fighter	  Safety	  and	  Emergency	  Response	  for	  Solar	  Power	  Systems:	  Final	  Report,	  May	  2010.	  	  Prepared	  
by	  The	  Fire	  Protection	  Research	  Foundation	  
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National	  Electric	  Code	  Article	  250:	  Grounding	  and	  Bonding,	  Article	  300:	  Wiring	  Methods,	  Article	  690	  
Solar	  PV	  Systems,	  Article	  705	  Interconnected	  Electric	  Power	  Production	  Sources	  
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Historic	  Preservation	  

The	  Question:	  	  What	  are	  the	  appropriate	  standards	  when	  land	  with	  historical	  or	  archaeological	  
significance	  is	  developed	  for	  large-‐scale	  solar	  PV	  arrays?	  

Bottom	  Line:	  Parties	  undertaking	  solar	  PV	  projects	  with	  state	  or	  federal	  agency	  involvement	  must	  
provide	  the	  Massachusetts	  Historical	  Commission	  (MHC)	  with	  complete	  project	  information	  as	  early	  as	  
possible	  in	  the	  planning	  stage,	  by	  mail	  to	  the	  MHC’s	  office	  (see	  Resources).	  Parties	  should	  also	  contact	  
local	  planning,	  historical	  or	  historic	  district	  commissions	  to	  learn	  about	  any	  required	  local	  approvals.	  	  
Municipalities	  should	  also	  take	  the	  presence	  of	  historic	  resources	  into	  account	  when	  establishing	  zoning	  
regulations	  for	  solar	  energy	  facilities	  in	  order	  to	  avoid	  or	  minimize	  impacts.	  

More	  Information:	  Land	  being	  evaluated	  for	  the	  siting	  of	  large-‐scale	  solar	  PV	  has	  historical	  or	  
archaeological	  significance	  including	  properties	  listed	  in	  the	  National	  or	  State	  Registers	  of	  Historic	  Places	  
and/or	  the	  Inventory	  of	  Historic	  and	  Archaeological	  Assets	  of	  the	  Commonwealth.	  	  	  

Federal	  and	  state	  laws	  require	  that	  any	  new	  construction,	  demolition	  or	  rehabilitation	  projects	  
(including	  new	  construction	  of	  solar	  PV)	  that	  propose	  to	  use	  funding,	  licenses	  or	  permits	  from	  federal	  or	  
state	  government	  agencies	  must	  be	  reviewed	  by	  the	  MHC	  so	  that	  feasible	  alternatives	  are	  developed	  
and	  implemented	  to	  avoid	  or	  mitigate	  any	  adverse	  effects	  to	  historic	  and	  archaeological	  properties.	  
Projects	  receiving	  federal	  funding,	  licenses	  or	  permits	  are	  reviewed	  by	  the	  involved	  federal	  agency	  in	  
consultation	  with	  the	  MHC	  and	  other	  parties	  in	  compliance	  with	  Section	  106	  of	  the	  National	  Historic	  
Preservation	  Act	  of	  1966	  (16	  U.S.C.	  470f)	  and	  the	  implementing	  regulations	  (36	  CFR	  800)	  in	  order	  to	  
reach	  agreement	  to	  resolve	  any	  adverse	  effects.	  Projects	  receiving	  state	  funding,	  licenses	  or	  permits	  
must	  notify	  the	  MHC	  in	  compliance	  with	  M.G.L.	  c.	  9,	  ss.	  26-‐27C	  and	  the	  implementing	  regulations	  950	  
CMR	  71.	  If	  the	  MHC	  determines	  that	  the	  project	  will	  have	  an	  adverse	  effect,	  the	  involved	  state	  agency,	  
the	  project	  proponent,	  the	  local	  historical	  preservation	  agencies,	  and	  other	  interested	  parties	  consult	  to	  
reach	  an	  agreement	  that	  outlines	  measures	  to	  be	  implemented	  to	  avoid,	  minimize,	  or	  mitigate	  adverse	  
effects.	  For	  projects	  with	  both	  federal	  and	  state	  agency	  involvement,	  the	  Section	  106	  process	  is	  used.	  	  

Some	  communities	  have	  local	  preservation	  ordinances	  or	  established	  local	  historic	  districts	  that	  require	  
local	  approval	  for	  new	  construction	  visible	  from	  a	  public	  way.	  Local	  historic	  district	  commissions	  have	  
adopted	  design	  guidelines	  for	  new	  construction	  within	  their	  historic	  districts	  and	  historic	  
neighborhoods.	  	  However,	  these	  guidelines	  must	  account	  for	  Chapter	  40C	  Section	  7	  of	  the	  General	  Laws,	  
which	  requires	  a	  historic	  district	  commission	  to	  consider	  the	  policy	  of	  the	  Commonwealth	  to	  encourage	  
the	  use	  of	  solar	  energy	  systems	  and	  to	  protect	  solar	  access.	  

Resources:	  

Federal	  Agency	  Assisted	  Projects:	  

Section	  106	  review	  information	  and	  the	  federal	  regulations	  36	  CFR	  800	  are	  available	  at	  the	  Advisory	  
Council	  on	  Historic	  Preservation	  (ACHP)	  web	  site:	  www.achp.gov.	  Check	  with	  the	  involved	  federal	  
agency	  for	  how	  they	  propose	  to	  initiate	  the	  MHC	  notification	  required	  by	  36	  CFR	  800.3.	  	  

State	  Agency	  Assisted	  Projects:	  
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Massachusetts	  General	  Laws	  Chapter	  9,	  sections	  26-‐27C	  

MHC	  Regulations	  950	  CMR	  71	  (available	  from	  the	  State	  House	  Bookstore)	  	  	  

MHC	  Review	  &	  Compliance	  FAQs	  http://www.sec.state.ma.us/mhc/mhcrevcom/revcomidx.htm	  

MHC	  Project	  Notification	  Form	  (PNF)	  &	  Guidance	  for	  Completing	  the	  PNF	  and	  required	  attachments	  
(USGS	  locus	  map,	  project	  plans,	  current	  photographs	  keyed	  to	  the	  plan).	  Mail	  or	  deliver	  the	  complete	  
project	  information	  to	  the	  MHC’s	  office:	  	  http://www.sec.state.ma.us/mhc/mhcform/formidx.htm	  

General	  Guidance	  about	  Designing	  Solar	  PV	  Projects	  on	  Historic	  Buildings	  and	  in	  Historic	  Areas:	  
http://www.nrel.gov/docs/fy11osti/51297.pdf	  
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Noise	  

Question:	  Do	  the	  inverters,	  transformers	  or	  other	  equipment	  used	  as	  part	  of	  ground-‐mounted	  solar	  PV	  
create	  noise	  that	  will	  impact	  the	  surrounding	  neighborhood?	  

Bottom	  Line:	  Ground-‐mounted	  solar	  PV	  array	  inverters	  and	  transformers	  make	  a	  humming	  noise	  during	  
daytime,	  when	  the	  array	  generates	  electricity.	  	  At	  50	  to	  150	  feet	  from	  the	  boundary	  of	  the	  arrays,	  any	  
sound	  from	  the	  inverters	  is	  inaudible.	  	  Parties	  that	  are	  planning	  and	  designing	  ground-‐mounted	  solar	  PV	  
should	  explore	  options	  to	  minimize	  noise	  impacts	  to	  surrounding	  areas.	  This	  could	  include	  conducting	  
pre-‐construction	  sound	  studies,	  evaluating	  where	  to	  place	  transformers,	  and	  undertaking	  appropriate	  
noise	  mitigation	  measures.	  	  	  

More	  Information:	  Most	  typically,	  the	  source	  of	  noise	  associated	  with	  ground-‐mounted	  solar	  PV	  comes	  
from	  inverters	  and	  transformers.	  There	  also	  may	  be	  some	  minimal	  noise	  from	  switching	  gear	  associated	  
with	  power	  substations.	  	  The	  crackling	  or	  hissing	  sound	  caused	  by	  high-‐voltage	  transmission	  lines	  (the	  
“Corona	  Effect”)	  is	  not	  a	  concern	  in	  the	  case	  of	  solar	  PV,	  which	  uses	  lower	  voltage	  lines.	  

Parties	  siting	  ground-‐mounted	  solar	  PV	  projects	  should	  consult	  equipment	  manufacturers	  to	  obtain	  
information	  about	  sound	  that	  can	  be	  expected	  from	  electrical	  equipment,	  since	  this	  can	  vary.	  For	  
example,	  according	  to	  manufacturer’s	  information,	  a	  SatCon	  Powergate	  Plus	  1	  MW	  Commercial	  Solar	  PV	  
Inverter	  has	  an	  unshielded	  noise	  rating	  of	  65	  decibels	  (dBA)	  at	  five	  feet.	  This	  is	  approximately	  the	  sound	  
equivalent	  of	  having	  a	  normal	  conversation	  with	  someone	  three	  feet	  away.	  Another	  source	  of	  
information	  is	  the	  National	  Electrical	  Manufacturers	  Association	  (NEMA)	  standards,	  which	  will	  provide	  
maximum	  sound	  levels	  from	  various	  equipment	  arrays.	  	  From	  NEMA,	  a	  large	  dry-‐type	  transformer	  
(2001-‐3333	  kVA)	  that	  is	  forced	  air	  cooled	  and	  ventilated	  has	  an	  average	  sound	  level	  of	  71	  dBA,	  which	  is	  
approximately	  the	  sound	  level	  one	  would	  expect	  from	  a	  vacuum	  cleaner	  at	  ten	  feet.	  There	  may	  be	  
several	  such	  units	  on	  a	  substantially	  sized	  PV	  site,	  which	  would	  increase	  the	  sound	  level	  to	  some	  degree.	  	  

Sound	  impacts	  from	  electrical	  equipment	  can	  be	  modeled	  to	  the	  property	  line	  or	  nearest	  sensitive	  
receptor	  (residence).	  Sound	  impacts	  can	  be	  mitigated	  with	  the	  use	  of	  enclosures,	  shielding	  and	  careful	  
placement	  of	  the	  sound-‐generating	  equipment	  on-‐site.	  The	  rule	  of	  thumb	  for	  siting	  noise-‐generating	  
equipment	  is	  that	  the	  sound	  impact	  can	  be	  reduced	  by	  half	  by	  doubling	  the	  distance	  to	  the	  receptor.	  

In	  some	  areas	  both	  in	  the	  US	  and	  Canada,	  sound	  impact	  analysis	  is	  required	  as	  part	  of	  the	  permitting	  
process	  for	  large	  PV	  systems.	  For	  example,	  in	  the	  Province	  of	  Ontario,	  Canada,	  any	  project	  greater	  than	  
12	  MW	  is	  required	  to	  perform	  a	  sound	  impact	  analysis	  (Ontario	  359/09).	  California	  also	  requires	  a	  sound	  
impact	  analysis	  for	  large	  PV	  projects.	  Massachusetts	  currently	  has	  no	  such	  requirement,	  but	  the	  reader	  
should	  note	  that	  ground-‐mounted	  systems	  in	  Massachusetts	  very	  rarely	  go	  over	  6	  MW,	  which	  is	  half	  the	  
size	  of	  the	  12	  MW	  that	  triggers	  a	  sound	  analysis	  in	  Ontario.	  

A	  recent	  study	  measured	  noise	  levels	  at	  set	  distances	  from	  the	  inverters	  and	  from	  the	  outer	  boundary	  of	  
three	  ground-‐mounted	  PV	  arrays	  in	  Massachusetts	  with	  a	  capacity	  range	  of	  1	  to	  3.5	  MW.	  	  Close	  to	  the	  
inverters	  (10	  feet),	  sound	  levels	  varied	  from	  an	  average	  of	  55	  dBA	  to	  65	  dBA.	  	  Sound	  levels	  along	  the	  
fenced	  boundary	  of	  the	  PV	  arrays	  were	  generally	  at	  background	  levels,	  though	  a	  faint	  inverter	  hum	  
could	  be	  heard	  at	  some	  locations.	  	  Any	  sound	  from	  the	  PV	  array	  and	  equipment	  was	  inaudible	  and	  
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sound	  levels	  were	  at	  background	  levels	  at	  setback	  distances	  of	  50	  to	  150	  feet	  from	  the	  boundary.	  	  
Project	  developers	  should	  consult	  with	  local	  planning	  and	  zoning	  officials	  to	  determine	  if	  local	  noise	  
ordinances	  may	  be	  applicable.	  Many	  local	  noise	  ordinances	  establish	  absolute	  limits	  on	  project	  impact	  
noise	  (such	  as	  a	  40	  dBA	  nighttime	  limit).	  In	  these	  communities,	  a	  noise	  impact	  assessment	  may	  be	  
required.	  	  

Resources:	  	  	  

NEMA	  Standards	  Publication	  No.	  TR=1-‐1993(R2000),	  Transformers,	  Regulators	  and	  Reactors	  

Noise	  Assessment:	  Borrego	  1	  Solar	  Project,	  MUP	  3300-‐10-‐26	  Prepared	  by	  Ldn	  Consulting,	  Inc,	  Fallbrook,	  
CA.	  January	  14,	  2011	  

Ontario	  Regulation	  359/09	  Renewable	  Energy	  Approval	  (REA)	  Regulation,	  Ontario	  Ministry	  of	  the	  
Environment,	  Canada	  http://www.ontario.ca/environment-‐and-‐energy/renewable-‐energy-‐approvals	  

Tech	  Environmental,	  Study	  of	  Acoustic	  and	  EMF	  levels	  from	  Solar	  Photovoltaic	  Projects,	  Prepared	  for	  the	  
Massachusetts	  Clean	  Energy	  Center,	  December	  2012,	  
http://images.masscec.com/uploads/attachments/Create%20Basic%20page/Study_of_Acoustic_and_E
MF_Levels_from_Solar_Photovoltaic_Projects.pdf	  
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Water-‐Related	  Impacts	  	  

Question:	  Can	  chemicals	  that	  might	  be	  contained	  in	  solar	  PV	  threaten	  public	  drinking	  water	  systems?	  	  
Will	  flooding	  occur	  in	  cases	  where	  trees	  must	  be	  removed	  in	  order	  to	  install	  the	  solar	  arrays?	  How	  do	  we	  
ensure	  that	  wetland	  resources	  are	  protected?	  

Bottom	  Line:	  Rules	  are	  in	  place	  to	  ensure	  that	  ground-‐mounted	  solar	  arrays	  are	  installed	  in	  a	  ways	  that	  
protect	  public	  water	  supplies,	  wetlands,	  and	  other	  water	  resource	  areas.	  	  All	  solar	  panels	  are	  contained	  
in	  a	  solid	  matrix,	  are	  insoluble	  and	  are	  enclosed.	  	  Therefore,	  releases	  are	  not	  a	  concern.	  

More	  Information:	  	  Because	  trees	  offer	  multiple	  water	  management,	  cooling	  and	  climate	  benefits,	  
clear-‐cutting	  of	  trees	  for	  the	  installation	  of	  ground-‐mounted	  solar	  PV	  is	  discouraged.	  For	  projects	  that	  do	  
propose	  to	  alter	  trees,	  the	  Massachusetts	  Environmental	  Policy	  Act	  (MEPA)	  has	  thresholds	  for	  the	  
proposed	  alteration	  of	  a	  certain	  number	  of	  acres	  of	  land,	  the	  size	  of	  electrical	  facilities,	  and	  other	  criteria	  
that	  trigger	  state	  review	  of	  proposed	  projects.	  	  Clear	  cutting	  of	  trees	  and	  other	  aspects	  of	  proposed	  
projects	  would	  be	  reviewed	  through	  an	  Environmental	  Notification	  Form/Environmental	  Impact	  
Statement	  if	  thresholds	  are	  triggered.	  More	  information	  is	  available	  at:	  	  

MassDEP	  has	  determined	  that	  the	  installation	  of	  solar	  arrays	  can	  be	  compatible	  with	  the	  operation	  and	  
protection	  of	  public	  drinking	  water	  systems.	  This	  includes	  the	  installation	  of	  solar	  arrays	  within	  the	  Zone	  
I,	  which	  is	  a	  400-‐foot	  protective	  radius	  around	  a	  public	  ground	  water	  well.	  Solar	  projects	  proposed	  on	  
lands	  owned	  by	  public	  water	  systems	  outside	  the	  Zone	  I	  may	  be	  approved	  subject	  to	  standard	  best	  
management	  practices,	  such	  as	  the	  proper	  labeling,	  storage,	  use,	  and	  disposal	  of	  products.	  MassDEP	  has	  
a	  guidance/review	  process	  in	  place	  to	  ensure	  that	  the	  installation	  of	  ground-‐mounted	  solar	  PV	  in	  these	  
areas	  protects	  public	  water	  supplies.	  

Installing	  solar	  arrays	  on	  undeveloped	  land	  can	  preserve	  the	  permeable	  nature	  of	  the	  land	  surface	  
provided	  the	  project	  design	  minimizes	  disturbance	  to	  natural	  vegetative	  cover,	  avoids	  concentrated	  
runoff,	  and	  precipitation	  is	  otherwise	  recharged	  into	  the	  ground	  to	  the	  greatest	  extent	  practicable.	  	  
Storm	  water	  flow,	  as	  well	  as	  information	  about	  site-‐specific	  soils	  and	  slope,	  is	  taken	  into	  account	  during	  
the	  design	  and	  installation	  of	  solar	  arrays.	  	  	  	  	  

MassDEP	  discourages	  installation	  of	  ground-‐mounted	  solar	  PV	  systems	  in	  wetland	  areas,	  including	  
riverfront	  locations.	  Solar	  projects	  within	  wetland	  areas	  are	  unlikely	  to	  comply	  with	  the	  performance	  
standards	  in	  the	  Wetlands	  Protection	  Act	  regulations.	  If	  a	  solar	  installation	  is	  proposed	  in	  a	  wetland,	  a	  
riverfront	  area,	  a	  floodplain,	  or	  within	  100	  feet	  of	  certain	  wetlands,	  the	  project	  proponent	  must	  file	  a	  
notice	  of	  intent	  (or	  application	  to	  work	  in	  wetland	  areas)	  with	  the	  local	  Conservation	  Commission,	  which	  
administers	  the	  Wetlands	  Protection	  Act	  at	  the	  municipal	  level.	  Copies	  should	  also	  go	  to	  MassDEP.	  Solar	  
installations	  may	  be	  sited	  near,	  but	  outside	  of	  wetlands,	  in	  a	  manner	  that	  protects	  the	  functions	  of	  
wetlands	  and	  that	  minimizes	  impacts	  from	  associated	  activities	  such	  as	  access	  and	  maintenance.	  	  
Ancillary	  structures	  related	  to	  construction	  of	  a	  solar	  installation	  or	  transmission	  of	  power	  may	  be	  
permitted	  to	  cross	  rivers	  and	  streams	  using	  best	  design	  and	  management	  practices.	  	  
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Resources:	  	  	  

More	  information	  about	  the	  Wetlands	  Protection	  Act	  requirements	  may	  be	  found	  in	  the	  implementing	  
regulations	  at	  310	  CMR	  10.00:	  http://www.mass.gov/eea/agencies/massdep/water/regulations/310-‐
cmr-‐10-‐00-‐wetlands-‐protection-‐act-‐regulations.html	  

MassDEP	  Guidance	  for	  Siting	  Wind	  and	  Solar	  in	  Public	  Water	  Supply	  Land:	  
http://www.mass.gov/eea/agencies/massdep/water/regulations/wind-‐and-‐solar-‐energy-‐project-‐on-‐
public-‐water-‐supply-‐land.html	  

MassDEP	  Chapter	  91	  Guidance	  for	  Renewable	  Energy	  Projects:	  
http://www.mass.gov/eea/agencies/massdep/water/reports/chapter-‐91-‐licensing-‐and-‐renewable-‐
energy.html	  
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Glare	  

Question:	  How	  important	  is	  reflectivity	  and	  potential	  visual	  impacts	  from	  solar	  projects,	  especially	  near	  
airports?	  

Bottom	  Line:	  Solar	  panels	  are	  designed	  to	  reflect	  only	  about	  2	  percent	  of	  incoming	  light,	  so	  issues	  with	  
glare	  from	  PV	  panels	  are	  rare.	  	  Pre-‐construction	  modeling	  can	  ensure	  that	  the	  placement	  of	  solar	  panels	  
prevents	  glare.	  

More	  Information:	  	  Solar	  panels	  are	  designed	  to	  absorb	  solar	  energy	  and	  convert	  it	  into	  electricity.	  Most	  
are	  designed	  with	  anti-‐reflective	  glass	  front	  surfaces	  to	  capture	  and	  retain	  as	  much	  of	  the	  solar	  
spectrum	  as	  possible.	  Solar	  module	  glass	  has	  less	  reflectivity	  than	  water	  or	  window	  glass.	  Typical	  panels	  
are	  designed	  to	  reflect	  only	  about	  2	  percent	  of	  incoming	  sunlight.	  Reflected	  light	  from	  solar	  panels	  will	  
have	  a	  significantly	  lower	  intensity	  than	  glare	  from	  direct	  sunlight.	  	  
	  
An	  analysis	  of	  a	  proposed	  25-‐degree	  fixed-‐tilt	  flat-‐plate	  polycrystalline	  PV	  system	  located	  outside	  of	  Las	  
Vegas,	  Nevada	  showed	  that	  the	  potential	  for	  hazardous	  glare	  from	  flat-‐plate	  PV	  systems	  is	  similar	  to	  
that	  of	  smooth	  water	  and	  not	  expected	  to	  be	  a	  hazard	  to	  air	  navigation.	  

Many	  projects	  throughout	  the	  US	  and	  the	  world	  have	  been	  installed	  near	  airports	  with	  no	  impact	  on	  
flight	  operations.	  United	  Kingdom	  and	  U.S.	  aircraft	  accident	  databases	  contain	  no	  cases	  of	  accidents	  in	  
which	  glare	  caused	  by	  a	  solar	  energy	  facility	  was	  cited	  as	  a	  factor.	  
	  
When	  siting	  solar	  PV	  arrays	  pre-‐construction	  modeling	  can	  ensure	  the	  panels	  are	  placed	  in	  a	  way	  that	  
minimizes	  any	  potential	  glare	  to	  surrounding	  areas.	  	  	  
	  
Resources:	  
	  
Technical	  Guidance	  for	  Evaluating	  Selected	  Solar	  Technologies	  on	  Airports,	  Federal	  Aviation	  
Administration,	  November	  2010	  (currently	  under	  review), 
http://www.faa.gov/airports/environmental/policy_guidance/media/airport_solar_guide.pdf	  

A	  Study	  of	  the	  Hazardous	  Glare	  Potential	  to	  Aviators	  from	  Utility-‐Scale	  Flat-‐Plate	  Photovoltaic	  Systems,	  
Black	  &	  Veatch	  Corporation,	  August	  2011,	  http://www.isrn.com/journals/re/2011/651857/	  

Solar	  Photovoltaic	  Energy	  Facilities,	  Assessment	  of	  Potential	  Impact	  on	  Aviation,	  Spaven	  Consulting,	  
January	  2011:	  http://www.solarchoice.net.au/blog/solar-‐panels-‐near-‐airports-‐glare-‐issue/	  
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Endangered	  Species	  and	  Natural	  Heritage	  

Question:	  Who	  ensures	  that	  rare	  animal	  and	  plant	  species	  and	  their	  habitats	  are	  not	  displaced	  or	  
destroyed	  during	  the	  construction	  of	  ground-‐mounted	  solar	  PV?	  

Bottom	  Line:	  Rules	  are	  in	  place	  to	  ensure	  that	  the	  installation	  of	  ground-‐mounted	  solar	  arrays	  protects	  
state-‐listed	  rare	  species	  and	  animals	  and	  plants.	  	  Project	  proponents	  can	  check	  with	  the	  local	  
Conservation	  Commission	  to	  determine	  if	  the	  footprint	  of	  the	  solar	  PV	  project	  lies	  within	  a	  rare	  species	  
habtat.	  

More	  Information:	  	  The	  Massachusetts	  Natural	  Heritage	  and	  Endangered	  Species	  Program	  (NEHSP)	  was	  
created	  under	  the	  Massachusetts	  Endangered	  Species	  Act	  (MESA)	  and	  is	  responsible	  for	  protecting	  rare	  
animal	  and	  plant	  species	  and	  their	  habitats	  from	  being	  displaced	  or	  destroyed.	  	  Specifically,	  NEHSP	  
reviews	  projects	  proposed	  for:	  

• Priority	  Habitats:	  	  These	  are	  areas	  known	  to	  be	  populated	  by	  state-‐listed	  rare	  species	  of	  animals	  or	  
plants.	  	  Any	  project	  that	  could	  result	  in	  the	  alteration	  of	  more	  than	  two	  acres	  of	  Priority	  Habitat	  is	  
subject	  to	  NHESP	  regulatory	  review.	  	  Projects	  will	  need	  to	  file	  a	  MESA	  Information	  Request	  Form,	  
along	  with	  a	  project	  plan,	  a	  U.S.	  Geological	  Survey	  (USGS)	  topographical	  map	  of	  the	  site,	  and	  a	  $50	  
processing	  fee.	  	  NHESP	  will	  let	  project	  administrators	  know	  within	  30	  days	  if	  the	  filing	  is	  complete,	  
then	  will	  determine	  within	  the	  next	  60	  days	  whether	  the	  project,	  as	  proposed,	  would	  result	  in	  a	  
“take”	  of	  state-‐listed	  rare	  species	  that	  might	  require	  the	  project	  to	  redesign,	  scale	  down,	  or	  abandon	  
its	  plan.	  	  	  

• Estimated	  Habitats:	  	  These	  are	  a	  	  sub-‐set	  of	  Priority	  Habitats	  that	  are	  based	  on	  the	  geographical	  
range	  of	  state-‐listed	  rare	  wildlife	  –	  particularly	  animals	  that	  live	  in	  and	  around	  wetlands.	  	  If	  the	  
project	  is	  proposed	  for	  one	  of	  these	  areas	  and	  the	  local	  Conservation	  Commission	  requires	  filing	  a	  
Notice	  of	  Intent	  (NOI)	  under	  the	  Wetlands	  Protection	  Act,	  the	  project	  will	  need	  to	  submit	  copies	  of	  
the	  NOI,	  project	  plans	  and	  a	  U.S.	  Geological	  Survey	  (USGS)	  topographical	  map	  to	  NHESP.	  	  Within	  30	  
days	  of	  receiving	  this	  information,	  NHESP	  will	  send	  its	  comments	  to	  the	  Conservation	  Commission,	  
with	  copies	  to	  the	  project	  administrator,	  project	  consultants,	  and	  the	  Department	  of	  Environmental	  
Protection	  (MassDEP).	  

Resources:	  
	  
To	  learn	  more	  about	  the	  NHESP	  review	  process	  and	  download	  a	  MESA	  Information	  Request	  Form,	  visit:	  	  
http://www.mass.gov/eea/agencies/dfg/dfw/natural-‐heritage/regulatory-‐review/mass-‐endangered-‐
species-‐act-‐mesa/	  
	  
For	  list	  of	  rare	  animal	  and	  plant	  species	  in	  Massachusetts,	  visit:	  
http://www.mass.gov/eea/agencies/dfg/dfw/natural-‐heritage/species-‐information-‐and-‐
conservation/mesa-‐list/list-‐of-‐rare-‐species-‐in-‐massachusetts.html	  
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