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Abstract
Photovoltaics (PV) are a rapidly growing technology as global energy sectors shift towards “greener”
solutions. Despite the clean energy benefits of solar power, photovoltaic panels and their structural
support systems (e.g., cement) often contain several potentially toxic elements used in their
construction. Determining whether these elements have the potential to leach into surrounding
environments should be a research priority, as panels are already being implemented on a large
scale. In this study, we analyzed soil taken from beneath photovoltaic modules to determine if they
are being enriched by metals (lead, cadmium, lithium, strontium, nickel, barium, zinc, and copper)
and metalloids (selenium) present in panel systems. The soil samples were collected from directly
beneath c-Si photovoltaic modules and adjacent fields. Samples were analyzed by inductively
coupled plasma optical emission spectrometry (ICP-OES). Selenium, strontium, lithium, nickel, and
barium levels measured in soil samples increased significantly in samples closer to PV systems. There
were no significant differences in lead or cadmium levels near vs. far from the PV systems. Despite
concentration differences for some elements near vs. far from the panel systems, no elements were,
on average, present in concentrations that would pose a risk to nearby ecosystems. PV systems thus
remain a cleaner alternative to traditional energy sources, such as coal, especially during the operation
of these energy production systems.
© 2019 This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/bync-nd/4.0/).
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1. Introduction
The demand and innovation of renewable energy systems is
increasing as global temperature rises and fossil fuel reserves
are exhausted (International Renewable Energy Agency, 2016).
Current energy sectors are shifting towards renewable energy, with
significant amounts of money ($285.9 billion: 2015) being invested in
the development of wind, hydro, and photovoltaic systems (REN21,
2016). Photovoltaic (PV) systems are considered by some to be the
most promising of renewable technology as they do not suffer from
the same aesthetic and “not in my backyard” controversies as wind
power (Good, 2006); nor do they have the same ecological impacts
as the infrastructure used for hydroelectric production (Chen, Chen,
& Fath, 2015). In 2015, the annual market of photovoltaic systems
increased tenfold over the previous decade (REN21, 2016). This
uptick in use has brought increasingly diverse applications of PV
technology, including Tesla’s solar roof tiles, solar vehicles such as
Solar Impulse, and floating PV panels (Harvey, 2016; Vaughan, 2016).
Given the potential scale of application of these systems, considering
environmental impacts of PV panel installation is important; whether
PV systems present any serious ecological risk to surrounding
environments during their use is currently unknown.
Photovoltaic panels contain several components known to present
health risks to both wildlife and human populations. Metals and
metalloids commonly used in panels include cadmium (Cd) and
selenium (Se) semiconductors, copper (Cu) wiring, nickel (Ni) and
silver (Ag) contacts, tin (Sn) and lead (Pb) soldering, and strontium
(Sr) and barium (Ba) doping used to increase panel efficiency (Silicon
Valley Toxics Coalition, 2009). Furthermore, structural support
components of the PV system, including cement foundations, may
also leach hazardous elements into surrounding environments over
time (Lu et al., 2016). Lead and Cd, in particular, are contaminants
of concern in the solar panel industry due to both their abundance
within panels as well as their highly toxic nature (Aman et al., 2015).
For example, exposure to Pb can cause kidney and brain damage as
well as mortality in humans (Silicon Valley Toxics Coalition, 2009). Lead
is also well documented to reduce reproduction, increase behavior
problems, and cause mortality in wildlife (Needleman, 2004; Tranel
& Kimmel, 2009). Cadmium is toxic to the kidneys, blood, prostate,
and respiratory system (Silicon Valley Toxics Coalition, 2009). Other
metals found within PV materials that are also highly toxic include
Ni and Cd, which are known carcinogens (Needleman, 2004; Silicon
Valley Toxics Coalition, 2009); copper (Cu), which can cause kidney
and liver damage; Se, which can cause selenosis, a disease of the
respiratory system, as well as hair loss and nail brittleness (Silicon
Valley Toxics Coalition, 2009); and Sr, which can have negative effects
on bone development if consumed in large quantities (Agency for
Toxic Substances and Disease Registry, 2004). Despite the known
toxicity of these elements, currently there is little information
regarding whether or not PV panel systems can leach metals and
metalloids into their environments during normal operation.
Photovoltaic environmental life cycle analyses (LCAs) typically
address upstream and downstream processes (Corcelli et al., 2018;
Stoppato, 2008). A few studies do, however, discuss leaching of
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metals and metalloids. For example, Alsema, de Wild-Scholten and
Fthenakis (2006) and Bohland and Smigielski (2000) both mention
minuscule, non-harmful levels of cadmium leaching from panels.
Other studies have broken up or ground PV panels into pieces and
exposed them to solutions with a lower pH, mimicking acidic rain
or waste water (Okkenhaug, Hauge, & Arp, 2010; Zapf-Gottwick et
al., 2015). Specifically, Zapf-Gottwick et al. (2015) found significant
amounts of Pb leached from panels, while Okkenhaug, Hauge, and
Arp (2010) found only slightly elevated levels of Cd and Se leached
in solution. However, in addition to having equivocal results, these
lab studies were not done in the field during normal operation; thus,
the question remains if panels leach harmful materials under realistic
operating conditions.
The goal of this research is to determine if PV installations are capable of
leaching their metal and metalloid components, especially Pb and Cd,
into the environment at levels that are hazardous to both human and
ecological health. To achieve this goal, we collected soil samples from
beneath c-Si modules and from adjacent, module-free environments,
and then compared bioavailable element concentrations between
these samples. Accordingly, we asked the following questions: (1) Do
soils near PV systems contain higher bioavailable concentrations of
metals and metalloids? (2) Are bioavailable concentrations of metals
and metalloids near PV systems of human health and ecological
concern?.
2. Methods
Study Site
The PV installation sampled is a 750,000-watt installation at State
University of New York at Buffalo. Each module consisted of
monocrystalline silicon panels with a length of 1.64 m (64.6 in) and a
width of 1.00 m (39.4 in). Panels were arranged in rows of twelve with
a height ranging from one panel to eight. The modules were installed
in the winter of 2011 through 2012, and became fully operational in
April of 2012.
Sample Methods
Soil samples were collected in June of 2017. Starting at 100 ft from
the edge of the outside modules, samples of about 500 g were
collected every 15 ft following a 250 ft line parallel to a section of the
PV modules. Working inwards to minimize possible contamination,
samples were taken again at 45 ft and again at one final transect
through the middle of the PV modules. Each of the five transects
(100 ft, 45 ft, 0 ft) had a total of fifteen samples taken for a total of
45 samples collected.
200 g of each sample was then transferred to brown paper bags and
dried for 48 hours at 65 °C. Samples were passed through a 2 mm
sieve to remove large particulate matter. Samples were ground for
1 min using an agate mortar and pestle. The ground samples were
then passed through a 0.125 mm sieve, with 2.5 mg of each being
transferred to a 50 mL polypropylene centrifuge tube.
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Metal Extraction
For the extraction process, we followed TCLP Method 1311 set forth
by the U.S. Environmental Protection Agency (1992). Following the
above protocol, because the pH of our soil solutions was >5, we used
TCLP reagent number 2 U.S. Environmental Protection Agency (1992).
Following the TCLP reagent number 2, 5.7 mL of Glacial Acetic Acid
(CH3CO2H) was diluted with 1 L of nanopure water. The final pH of
the solution was 2.86. Each 50 mL tube with 2.5 g of soil received 50
mL of the diluted CH3CO2H (20x the sample mass). The tubes were
then rotated for 18 hours at 30 rpm. Four blank tubes filled with
50 mL of nanopure water accompanied each round of samples and
were processed as controls. Acetic acid extraction is often used for
determining leachable (i.e., bioavailable) fractions of metals in soil
(Dean, 2010), and thus is appropriate for use in studies like ours that
are interested in risk assessment to local ecosystems.
Sample Analysis
After rotation, samples sat overnight and then were decanted into 15
mL polypropylene centrifuge tubes using a pipette. They were then
analyzed for Pb, Cd, lithium (Li), Sr, Ni, Ba, zinc (Zn), Cu, and Se using
inductively coupled plasma optical emission spectrometry (ICP-OES),
with results being reported in parts per million (ppm). We used
ANOVA (SPSS 24; IBM) to compare element concentrations across
our three sample transects.
3. Results
We found no difference in Cd concentrations (F2,27 = 0.20, p =
0.82; Figure 1) or Pb concentrations (F2,27 = 2.08, p = 0.14; Figure
1) along our distance gradient away from the panels. Selenium levels
increased by 97 % from 100 ft to 0 ft in proximity to the PV panels
(F2,27 = 9.96, p < 0.01; Figure 1), Li increased by 386 % (F2,27 =
4.74, p = 0.02; Figure 1), Sr increased by 86 % (F2,27 = 4.89, p = 0.02;
Figure 1), Ni increased by 37 % (F2,27 = 7.18, p < 0.01; Figure 1), and
Ba increased by 61 % (F2,27 = 5.25, p < 0.01; Figure 1). Zinc and Cu
decreased significantly from the 100-foot mark to under the panels.
Copper decreased by 1277 % (F2,27 = 18.23, p < 0.01; Figure 1) and
Zn decreased by 195 % (F2,27 = 21.32, p < 0.01; Figure 1).
4. Discussion
In this study, we found that soil enrichment of Pb and Cd did not
occur with closer proximity to PV systems. The values recorded for
Se, Li, Sr, Ni, and Ba show a significant increase in concentration in
soil closer to PV systems, while Zn and Cu increase significantly away
from the systems. Below, we compare our results to soil concentration
risk thresholds established by the Environmental Protection Agency’s
(USA) Ecological Soil Screening Level (Eco-SSL) risk assessment (U.S.
Environmental Protection Agency, 2018), which is a conservative soil
screening process that assumes soil metals are present in bioavailable
form. In addition, we discuss the potential for leaching of potentially
toxic elements from operational PV systems.
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Several elements tested were either not variable across our distance
gradient or were present in low concentrations that are not of
immediate environmental concern. While studies suggest that Pb
and Cd are the most common leachates from PVs (Okkenhaug,
Hauge, & Arp, 2010; Zapf-Gottwick et al., 2015), Pb and Cd measured
in this study were not elevated in soils near PV systems and were
far below levels considered to be an imminent or future danger to
environmental health [wildlife risk threshold for Pb: 11 μg - 1 g; for Cd:
0.36 μ - 1 g (U.S. Environmental Protection Agency, 2018)]. For intact
PV panels, leaching of these elements is unlikely to occur, thus most of
the concern for contamination of Pb and Cd from solar panels relates
to panels disposed in landfills that degrade over time, and become
exposed to water (Zapf-Gottwick et al., 2015). However, it is possible
under operating conditions that PV panels can leach toxic elements if
water penetrates into the modules through damaged areas, such as
cracks in the module glass or through defective laminations. Thus, it
appears that the modules studied here are intact and do not provide
a mechanism for the leaching of internal Pb and Cd. Although Li, Ba,
Ni, and Sr were recorded as significantly higher in soils beneath PV
panels, the amounts recorded for these elements were all well below
the soil screening values defined by the EPA and others (Shahzad
et al., 2016; U.S. Environmental Protection Agency, 2018; 40 C.F.R. §
261.24, 1996); thus, the c-Si panels do not seem to pose a risk of
contamination of these elements during normal operation.
Selenium was observed to be significantly higher in soils closer to our
study PV panels. In contrast to the other recorded elements, the levels
observed may be of concern. The Eco-SSL risk threshold soil values
for Se are 0.52 μg - 1 g for plants, and 0.63 μg - 1 g for mammals (U.S.
Environmental Protection Agency, 2018). In our study, the average Se
concentration measured directly by the PV systems was 0.48 μg - 1
g , while the highest level of Se observed near the PV systems was
0.57 μg - 1 g. Thus, using the conservative risk thresholds established
by the EPA’s Eco-SSL, Se concentrations near the PV systems are
approaching a level of environmental concern for local plants and
other wildlife. However, over time, even low concentrations of certain
elements can become problematic due to accumulation in soil and
nearby organisms. Bioaccumulation of Se occurs in both aquatic
and terrestrial ecosystems (Mann, Vijver, & Peijnenburg, 2011). A
study done in association with the US Department of Agriculture
(Bañuelos et al., 2002) addressing phytoremediation of Se found that
the Se accumulated could be transferred to animals that consumed
the plants. Likewise, deleterious effects of predators could occur if
they were to consume these animals with elevated Se in their tissue
(Mann, Vijver, & Peijnenburg, 2011). Environmental regulators have
noted the potential of Se to integrate into trophic systems, and have
thus set acceptable levels extremely low when compared to other
metals and metalloids (Ministerie van Volkshuisvesting, 2000). Future
studies examining leaching of elements from PV systems should
consider indirect effects of these elements on ecosystems, including
bioaccumulation by plants and animals near PV systems. C-Si panels
are not known to contain appreciable amounts of Se, thus the
source of Se observed in our study is unclear. In a similar study that
examined both copper indium selenide (CIS) panels and cadmium
telluride (CdTe) panels, Se in soil near CIS panels on roofs was found
to be elevated by 0.3 μg per g when compared to surrounding soil.
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Figure 1: . Soil concentrations of barium (Ba), cadmium (Cd), copper (Cu), lithium (Li), nickel (Ni), lead (Pb), selenium (Se), strontium (Sr), and
zinc (Zn) at varying distances from the photovoltaic panels. Asterisks indicate significant differences among groups.

Conversely, Se levels in soil near CdTe were not elevated (Steinberger,
1998). C-Si panels do not have Se concentrations as high as amounts
reported in CIGS (Copper Indium Gallium Selenide) panels (Silicon
Valley Toxics Coalition, 2009). Likewise, Sr, which is a new material
to the PV panel industry, does not have an integral position to the
manufacturing of PVs. The most common application currently for
Sr in PV cells is to increase the efficiency of perovskite panels (Shai
et al., 2017; Wu et al., 2018). However, c-Si panels, like those studied
here, generally incorporate perovskite technology without Sr (Ba, Liu,
& Shen, 2018).

identified as the limestone mined for use in cement (Nalbandian,
2012). Furthermore, in addition to metals being introduced in raw
materials (e.g., Se and Sr in limestone), the production clinker granules
within cement are often produced using coal fly ash additives, which
can introduce metals such as Ba, Cr, and Ni (Cipurkovic et al., 2014).
These metals may later leach from the cement into the environment
following exposure to water under realistic environmental conditions
(Lu et al., 2016). Thus, our reported increase of bioavailable metals
and metalloids beneath the intact panels should prompt further
investigation regarding PV system-wide pollution.

Therefore, the source of metals and metalloids documented under
the PV system in this study may be from system components other
than the panels themselves. Terrestrial PV modules are constructed
of c-Si panels mounted on aluminum frames, which are secured into
the ground using cement. It is quite possible that the elevated levels
of Se and other elements studied here are a result of the cement
used in construction. An impact assessment study conducted on a
quarry and cement plant in California found discharge from the plant
contained levels of Se well over 50 mg-1 L. The source of this was

Overall, PV systems should still be considered a clean energy relative
to traditional sources. In comparison, the amount of Pb in fly ash
(product produced from coal combustion) is 7.00 μg-1g, Cd is 0.093
μg-1 g and Se is 2.15 μg-1 g (Nalbandian, 2012). Although most of
this contaminated fly ash may not affect the immediate vicinity, it
is commonly disposed of in landfills and as a soil amendment in
agriculture (Haynes, 2009). Despite toxic metal components, the PV
panel industry is growing at such a fast pace that innovation should
quickly phase out the use of harmful substances.
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Examples of this include use of materials other than Pb for soldering
as well as using organic materials as semiconductors instead of
metals and metalloids (Kippelen, & Brédas, 2009). However, until
these advancements occur industry-wide (e.g., organic materials are
not yet commercially used as semiconductors due to low efficiency
and stability; (Burlingame et al., 2018)), further studies are needed
to determine the extent of leaching that occurs using current PV
technology. While TLCP analyses of solar panels are common place
for waste characterization [e.g., Okkenhaug, Hauge, & Arp, 2010),
there is a paucity of studies that assess potential for leaching of toxic
elements from PV systems during active operation.
We conclude that while no elements were, on average, above soil
screening thresholds established by the EPA’s Eco-SSL, further studies
are needed to determine the impacts of PV system installation and
operation on terrestrial ecosystems. PV systems, however, remain
a cleaner alternative to traditional energy sources, such as coal,
especially during the operation of these energy production systems.
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