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Abstract

In order to understand the environmental impacts associated with solar energy
production, a life cycle assessment (LCA) comparison of two panel types is performed. Popular
crystalline silicon photovoltaics (PV) are analyzed alongside the new perovskite PV material,
currently being lab tested. Each panel type is analyzed individually using the LCA life cycle
inventory (LCI) framework to gather information on the cradle to grave impacts. Following these
LCI analyses, the two are compared on the utility scale using the LCA impact category
framework. Natural resource depletion, energy payback time (EPBT), contribution to global
climate change, land use, and human and ecosystem toxicity are the impact categories selected
for this analysis as they are the most affected by solar installations today. This study finds that
perovskite PV low embodied energy decreases the EPBT of solar on the utility scale, however
the current relatively short lifetimes of this material increases the global warming potential
(GWP), as compared to crystalline silicon PV. Although perovskite PV offers large upscaling
potentials through print manufacturing, it does not address the immense land stress of utility
scale solar. The current international standard for conducting a LCA does not specifically
address ecosystem services and biodiversity impacts. Further research into decreasing the

environmental impacts associated with big solar is suggested.
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Preface

Energy consumption in the United States has grown so rapidly since the mid-20th century
that many of us cannot imagine a world, or a life, without reliable sources of energy. As the
public demand for stable energy systems continues to grow, so does our need for scientific
understanding of the subsequent effects of each conventional or contemporary energy source.
Great global energy dependence coupled with growing knowledge of negative anthropogenic
environmental impacts creates a growing need for clean as well as reliable sources of energy.
Solar PV power production is a renewable energy source experiencing expanding installed
capacity throughout the entire world, with little end in sight. As solar installed capacity continues
to grow, so does the need for an adequate understanding of the impacts of solar on our natural
world. To understand the environmental impacts associated with this product/process is the
fundamental reason why | decided to conduct a LCA.

As an environmental studies student, | have come to realize that although classes and
professors often teach us of the immense benefits of renewable energy systems, they often avoid
any conversation of adverse environmental impacts. With hopes of shedding light on the
ecosystem stressors associated with this energy source while still supporting it, I have conducted
a thorough LCA for the benefit of those interested in learning. Although this particular study can
be seen from a negative viewpoint, | want to emphasize that renewable energy sources, as they
become more cost effective and technologically advanced, are paving the way to a sustainable
future. Reducing our environmental impact can be done through a variety of ways, but as a

community, we must understand the role energy systems play in our natural world.
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Introduction

To understand the environmental impacts associated with any product or process,
researchers create what is known as a life cycle assessment (LCA). A LCA study provides
researchers with information about environmental effects that can ensue at every stage of a
product or processes life cycle, from raw material extraction to disposal. Using this cradle to
grave framework, this study compares the impacts associated with the conventional crystalline
silicon solar cell against the new, potentially revolutionary, perovskite solar cell. In order to
identify areas where this new, innovative technology alleviates or exemplifies harmful impacts,
this study analyzes all inputs and outputs associated with each panel type before applying them
to the predetermined impact categories. Comprehending how this technological innovation can
assist in reducing environmental impacts associated with solar energy production will spark more
innovation in the future, for the future.

Various background descriptions, including that of solar energy and LCAs, are provided
first in order to help strengthen understanding of this topic and methodology. Using the LCA
framework, a comparative analysis of the two panel types on the utility scale is developed.
Crystalline silicon PV is analyzed first through the LCA life cycle inventory (LCI) framework
because it is the most popular solar material in use today, producing energy at utility scale power
plants globally. Perovskite PV LCI is analyzed second. There is no current installation using this
material, therefore information learned during the LCI analysis of installed crystalline silicon is
further applied to analyze the potential for perovskite. The two LCls are evaluated and further

applied to fit respective impact categories within the LCA impact category framework.



Categories from the LCA international standard that are most applicable to solar energy
based on solar LCls are preferred. Natural resource depletion is selected and subcategorized
based on the individual panels use of raw materials and energy, then on the utility scale to
measure the water used to maintain a solar site. Energy payback time (EPBT) falls within the
natural resource category because it is calculated by comparing the previously identified energy
inputs against the expected energy outputs of the solar site. Next, the contribution to global
climate change is addressed using individual panel’s global warming potentials (GWPS), as
provided by previous solar LCAs. Land use, though also considered natural resource depletion, is
separated into its own category because of the immense amount of land cover change required to
install any utility scale solar power plant, regardless of the specific solar cell used. Land use is
subcategorized into ecosystem stress, which follows a chain of events as they might unfold
following extensive surface and subsurface alternations, as well as land use efficiency, based on
the expected annual energy production of a solar site.

Using information from natural resource depletion, GWP, and immense land stress
evaluated, the last impact category analyzes human and ecosystem toxicity associated with
individual panels and utility scale solar. An interesting analysis of trees versus solar is presented
for a carbon reduction comparison. Many of the lessons learned in each category overlap with
others, as they impact each other through feedback systems. The results are discussed in detail to
analyze the true differences between crystalline silicon and perovskite PV, while addressing the
overwhelmingly under-analyzed issue of ecosystem stress from land cover change. This study
concludes with panel installations and future research recommendations based on the analyzed

data provided.



Background and Methods

This section offers insight into the growing solar industry through a brief history and
current event synopsis. Following an introduction into solar, this section offers a brief history of
LCAs, a framework from which this study was developed. Once the framework and
requirements for LCAs are discussed in detail, the steps are further applied towards this specific

study, thus providing a detailed methodology.

Solar Power

Although the solar PV technology used today was first seen as successful in 1954, it took
nearly another 20 years before solar panels were made for public energy production. PV energy
conversion efficiencies more than tripled during these 20 years, from 4% to 14%. Small-scale
solar PV was implemented for a variety of uses, such as in-air satellite energy production and
water pumping. In 1977, the U.S. Department of Energy (DOE) opened the Solar Energy
Research Institute, now known as the National Renewable Energy Laboratory (NREL), located
in Golden, Colorado. About five years later, the first MW-scale PV power plant went online in
Hisperia, California (History of Solar n.d). Since this power plant was built, through the early
2000s, solar power production expanded very slowly as scientists and engineers worked to
develop higher energy conversion efficiencies.

Since the early 2000s, PV technologies have become even more efficient and cost
effective compared to conventional energy sources. The growth rate of solar energy adoption has
increased rapidly, breaching on a 60% annual rising trend. Solar is used in almost every country

in the world and has become a reliable source of clean energy (Solar Industry Research 2019).



According to the Energy Information Administration (EIA), solar energy accounts for around
1.6% of the United States total electricity generation, reaching a production capacity of nearly 70
billion kWh (kilowatt-hours) in 2018 (What is U.S. 2019). Worldwide, the International Energy
Agency (IEA) reports that solar energy surpassed 398 GW (gigawatts) of installed capacity in
2017, generating more than 460 TWh (terawatt-hours) of electricity, accounting for around 2%
of global total electricity generation (Solar energy n.d.). As global solar installed capacity
continues to grow rapidly each year, it is of the utmost importance to understand the life cycle
impacts of different PV technologies implemented at the utility scale.

Though there are a large variety of solar technologies on the market today, crystalline
silicon PV accounts for the vast majority, over 90%, of the global solar installed market share
(Srivastava 2016). Since Jan Czochralski’s 1916 invention of growing crystallized structures
from purified silicon, now known as the Czochralski Method, crystalline silicon PV has been at
the forefront of solar research, development, and implementation (Uecker 2014). Energy
conversion efficiencies of these technologies vary depending on the type of crystalline silicon
PV, as well as the manufacturing methods used (Best Research-Cell Efficiencies 2019).

Multicrystalline silicon PV modules have ~20 % energy conversion efficiencies whereas
monocrystalline silicon modules have ~25% (Uecker 2014). However, some research has
suggested lab-tested efficiencies can reach up to 40% (Liu 2016). For the purpose of this study,
an average conversion efficiency of 24% is assumed. These modules consist primarily of
crystalline silicon structures but differ in wafer manufacturing and shape. Due to the vast
installed capacity of crystalline silicon, understanding the various life cycle impacts of this

particular PV technology creates a building block for future solar research.



Another PV technology taking up a wide portion of the global solar market share is thin
film PV, accounting for around 30% of total solar installations worldwide (Gupta & Bais 2016).
How do these market shares go beyond 100%? Multijunction solar cells, or crossbred solar cells,
contain both thin film and silicon technologies. Combining these two panel types has achieved
energy conversion efficiencies near 50% (Best Research-Cell Efficiencies 2019 & Philipps et al.
2018). For the purpose of this study, a focus is placed on mono or multi crystalline silicon PV

alone, but combined PV technologies
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Figure 1: “Classification of Solar Cells by Technologies,” from Manufacturing

Techniques of Perovskite Solar Cells, by Kajal, Ghosh, & Powar 2018 discussed in detail later

Although these conventional panels offer energy conversion efficiencies greater than
20%, the desire for increased efficiencies and faster manufacturing methods have driven research
into new, innovative solar technologies. Perovskite PV materials are a form of thin film solar
cells that offer increased efficiencies alongside rapid increases in cell manufacturing rates. The
potential for accelerating perovskite PV manufacturing through various techniques has driven
research in a variety of ways by creating a more cost-effective technology with the potential to
replace conventional silicon solar cells (Marsh 2019). Though the potential for perovskites is

great, there are still many drawbacks to implementation, such as the use of toxic metals in the



cell material as well as the current relatively short lifetimes. Researchers aim to further develop
perovskite PV technology for future utility scale solar installations.

Due to the lack of installed perovskite PV capacity, this study aims to fill the gaps in the
research by comparing knowledge from the LCI of crystalline silicon to that of perovskite. In
order to understand the full effects of this new technology, a theoretical LCA of utility scale
perovskite is developed through the framework provided. It is important to note that due to the
lack of installments, analyzing perovskite PV is difficult and comes with various limitations, i.e.
it is hard to know the use lifetime of a product if it is not actually in use. Estimates from

researchers and previous studies are used to find the average values associated with perovskites.

Life Cycle Assessments (LCAS)

In the late 1960s, as energy demands vastly increased alongside diminishing natural
resources, growing concern for the environment led to the first LCA. Per industry request, the
Midwest Research Institute (MRI) administered the first LCA of Coca Cola cans (Guinée et al.
2010). MRI researchers were successful in proving their hypothesis; that every aluminum can
carried with it a plethora of negative environmental impacts. After the results of this study were
made public, organizations began developing unique approaches to LCAs, however it was not
until the mid-1990s that the International Organization for Standardization (ISO) developed two
universal standards for LCAs. These standards are as follows:

1. ISO 14040 (2006E): ‘Environmental management - Life cycle assessment -
Principles and framework’ (1SO 14040 1997)
2. 1SO 14044 (2006E): ‘Environmental management - Life cycle assessment -

Requirements and guidelines’ (ISO 14044 2006)



The first version of this new standard, Principles and Framework, was published in 1997
and included a loose guide for conducting a LCA. The standard described “the general
framework, principles, and requirements for conducting and reporting” LCAs while opting not to
“describe the [LCA] technique in detail” to allow more flexibility in the research within this
growing field (ISO 14040 1997). Since conducting LCAs was a relatively new concept, the ISO
refrained from placing too much restriction on the process in order to leave room for new
methodologies while they worked on the second version of the standard. The Requirements and
Guidelines version was published in 2006 and contained a detailed scope of LCA and Life Cycle
Inventory (LCI) requirements while providing guidelines for conducting such an analysis (ISO
14044 2006). These standards also provided some suggestions for life cycle impact categories as
they apply to cradle to grave frameworks.

Since the publication of these international standards, LCAs have grown more and more
popular among scientific professionals concerned about environmental degradation and
preservation. Researchers have expanded the framework used to examine the environmental
impacts of soda cans into analyses that can change the course of any product or process in our
global marketplace. Studies by various researchers either prove or disprove their hypothesis
based on a comprehensive calculation of cradle to grave environmental impacts associated with
the solar industry. Burkhardt, Heath, & Cohen (2012), Fthenakis & Kim (2011), and Peng, Lu, &
Yang (2013) evaluate the inputs and outputs associated with solar panels to provide a complete
understanding of the greenhouse gas emissions linked to panel life cycles. Studies by Parida,
Iniyan, & Goic (2011) and Turconi, Boldrin, & Astrup (2013) use a LCA model to assess the

performative efficiency and reliability of different solar panels. All forms of a LCA analysis



require background of the associated inputs and outputs at every stage of production in order to
provide an educated answer to either support or contradict the hypothesis.

This study will use the LCA framework of LClIs to analyze environmental impacts
associated with crystalline silicon and perovskite PV. Figure 2 offers a simplified schematic of
the interactive, circular relationship between each part or step of a LCA analysis, as known and

applied today.
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Figure 2: “(a) Cradle-to-grave Life Cycle Assessment and (b) LCA Framework according to ISO standards 14040
and 14044 (International Organization for Standardization 2006),” from Life Cycle Assessment of Organic
Photovoltaics, by Anctil & Fthenakis 2011

LCAs highlight key areas of environmental impacts through four main phases; (1) goals
and scope, (2) life cycle inventory (LCI) analysis, (3) life cycle impact assessment, and (4)
interpretation, or further analysis (B Resource Guide 2008). Each stage needs to be completed in
order to move on to the next stages. Identifying the goals and scope of the LCA provides a
framework for the rest of the analysis. Analyzing the LCI of a specific product or process helps
pinpoint all inputs and outputs associated at each stage of the life cycle. Classifying the variances
of the LCI assists in identifying which impact categories are most affected by the production

cycle. These relationships are analyzed and discussed, examining how LCIs and impact



categories intertwine and exploring possible solutions for alleviating harmful environmental

impacts. This general LCA framework is applied to this study.

Goals and Scope

When beginning a LCA, the researcher or research team must first determine the goals
and scope of the study, i.e. deciding which products, processes, environmental concerns, ongoing
questions, etc. will be included in the study. For this study, a complete LCI of conventional
crystalline silicon PV is presented first, followed by a LCI analysis of the potentially
revolutionary perovskite PV. In order to understand the effects of implementing perovskite PV,
an in-depth comparative LCA impact category analysis against utility scale crystalline silicon PV
is completed following the individual LCI analyses. Analyzing crystalline silicon on the utility
scale provides a look into the future for perovskites. Though they are lab-tested to be highly
efficient and less impactful, perovskites have yet to be installed on the utility scale. Comparing
utility scale crystalline silicon to perovskites provides an interpretation into varying

environmental impacts to gain a better understanding of the side effects of these installations.

Life Cycle Inventory (LCI)

Identifying and measuring all inputs and outputs associated with a product or process is
the basis of a LCI analysis. Inputs can include anything from the raw materials used to the
required energy inputs to the recommended water or chemical use. Outputs refer to the stuff that
comes from the analyzed product or process, i.e. waste, emissions, energy, etc. A LCI analysis
can be split into three overarching categories; manufacturing, use, and decommissioning,

however each of these three categories can be split up further. Manufacturing includes raw



materials acquisition, materials processing, and manufacturing, or material production. Although
use inherently refers to the lifetime of a product or process, it can also refer to the installation
and maintenance methods specific to the selected product. For solar panels, use refers to
installation, energy production life cycle, and panel or site maintenance activities. The final stage
of any product or processes life cycle is decommissioning, or disposal, which also includes waste
treatments and recycling methods. The LCI research and analysis provides the groundwork for

the next stage of Life Cycle Impact Assessment.

Life Cycle Impact Categories

Following descriptions of the cradle to grave inputs and outputs associated with the
product or process, the Life Cycle Impact Assessment stage transforms this LCI data into
“indicators for each impact category” (B Resource Guide 2008). Some common examples of
impact category indicators are environmental aesthetics, climate change, resource depletion,
human or ecosystem toxicity, eutrophication, etc. Once the proper impact categories are selected
for the study, researchers use a multitude of data analysis techniques to calculate the total effect
of the product or process on each of the categories separately and as a whole. Once the data
analyses are completed, interpretation of the results either supports or rejects the original goals
and scope of the LCA. The completed document then provides evidence of environmental
impacts, areas for improvement, and recommendations for the future. Using previous solar
LCAs, this study will find key areas of environmental impacts within the life cycle of utility
scale solar panel production.

According to the Environmental Protection Agency (EPA), there are three overarching

categories for which all impacts can reside. ‘The first is natural resource impacts, which has six
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main contributions within the category; the use, or depletion of, renewable resources,
nonrenewable resources, and energy resources, as well as the use of solid, hazardous, and
radioactive landfills. The abiotic ecosystem impact category follows with eight main
contributions; global warming, stratospheric ozone depletion, photochemical smog, acidification,
air quality, eutrophication, water quality, and radioactivity. The last main category refers to the
potential human and ecosystem toxicity impacts, such as chronic human health effects,
aesthetics, aquatic and terrestrial ecotoxicity, and so on’ (Chapter 3 n.d.). Refer to Table 1 below.
Though these categories are separated by the EPA, for the purpose of this study, the three will
overlap with differing, yet similar, contributions. Solar production does not fit into, or contribute
to, every impact category, therefore this study will analyze those that are relevant to PV
manufacturing and utility scale solar sites. The impact categories described below were based on
the impact categories given by the EPA, as well as those categories that have been used in

previous LCAs of solar panels.

Table 1: Classification of Impact Categories Derived from the EPA’s Established LCA Framework (Chapter 3 n.d.).

Natural Resource Impacts

Abiotic Ecosystem Impacts

Potential Human and
Ecosystem Toxicity

Use of renewable resources

Contribution to global
warming

Impacts on chronic human
health effects

Use of nonrenewable
resources

Contribution to stratospheric
ozone depletion

Impacts on local aesthetics

Use of energy resources

Contribution to
photochemical smog

Impacts on aquatic
ecotoxicity levels

Use of solid waste landfills

Contribution to acidification

Impacts on terrestrial
ecotoxicity levels

Use of hazardous waste
landfills

Contribution to air quality
issues

Use of radioactive waste
landfills

Contribution to
eutrophication

Contribution to water quality
issues

Contribution to radioactivity
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In order to provide a circular study of the life cycle impacts associated with both
crystalline silicon and perovskite PV at the utility scale, the following impact categories were
carefully selected and organized according to the level of connections to the respective LCls. To
begin the analysis, the impacts on our natural resources are separated based on the specific panel
type or scale of production. The required energy inputs and raw materials for individual panel
manufacturing are analyzed first. Using the energy input data for each panel type, the energy
payback times (EPBTSs) are calculated. Raw materials for utility scale installations are then
analyzed alongside water requirements for site maintenance activities.

Following natural resources comes a comparative analysis of the contribution to global
climate change. This is evaluated using previously identified global warming potentials (GWPs)
for the individual panels. Land use, though also a depletion of available natural resources, is
separated into its own impact category following GWPs due to the immense amount of
environmental harm and degradation that occurs when land is prepared for a utility scale solar
installation. The bulk of the land use section dives deep into a chain of events as they might
unfold following immense land cover change in a specific ecosystem. As a subsection, land use
efficiency is calculated by comparing the expected annual energy output of a site against the site
acreage.

Using data collected from the previous impact categories, human and ecosystem toxicity
impacts are assessed. This section addresses the underlying toxicity issues solar based on raw
materials, energy requirements and GWPs before providing an interesting analysis of the tradeoff
between land use for this carbon-free energy resource and natural carbon sequestration from
dense trees. By evaluating all of these impacts, key areas of environmental stress are identified

alongside future research interests.
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Interpretation (Further Analysis)

Following the evaluation and application of the LCI measurements against the related
impact categories, an interpretation of the calculated results is provided for further understanding
of the future of perovskites and solar industry research. In this section, a comparative analysis of
the key differences between crystalline silicon and perovskite PV is provided. Through this
comparison, a panel installation recommendation is given. Following this recommendation,
insight into the fundamental communications differences between engineers and ecologists is
explored. Throughout much of the research, it becomes apparent that environmental concerns
mean different things to researchers in different fields. The identification of this

miscommunication provides insight into key areas of future research.

Discussion

Studying the development of the solar industry, individual panels, and LCAs themselves
provides a base point for further research. Using the LCA framework and requirements, this
study analyzes data presented in previous work and applies it on a much broader scale. In order
to compare solar panel types, analyzing individual LClIs to apply both on a utility scale for
impact categories offers a new perspective into a developing field. Offering a step-by-step
comparison of the LCls is something that has never been done before. Most studies complete
perovskite LCAs and briefly compare certain aspects to crystalline silicon LCAs, without
offering a side-by-side comparison, such as the one offered here. Figuring out environmental
impacts associated with individual solar panels as well as utility scale solar developments will

provide new ideas for further research to alleviate these impacts.
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Methodology

Adapting the international framework of a LCA to fit my study specifically is the bulk of
my methodology. Following in-depth research, I compiled enough data to produce an adequate
analysis of the differences between these two panel types. Using this data, | formulated a rough
structure for my argument of implementing solar energy on the utility scale. Developing the
goals and scope of my study helped restructure LCA frameworks to fit my analysis specifically.
Following an immense amount of practice writing, | developed a framework fit for this
comparative analysis. Analyzing the LCI of both crystalline silicon and perovskite PV provided a
base point for the rest of my research as | determined the best impact categories for my analysis.
Once the impact categories were identified, adapting LCI findings to fit the categories provides
the basis for the true evaluation. Using data and formulas from previous studies, average energy
inputs, EPBTSs, and GWPs are calculated. Discussing the areas where perovskite PV might
exemplify or alleviate harmful environmental impacts provides fundamental information for the
future of perovskite, if there are hopes to implement it on the utility scale. The following table is

a list of calculation results further detailed in the impact categories.

Table 2: Crystalline Silicon Perovskite Comparison Table

Cell Type | Average Cell Energy | Energy Life Expectancy | Average Global
Embodied | Conversion | Payback Warming
Energy Efficiency | Time (EPBT) Potential
Range Range (GWP)
Crystalline | ~451 kWh | 22t027 % | 2to 6 years |~ 30 years ~ 49 g CO2-€q.
Silicon PV m? kWh
Perovskite | ~118 kWh | 20t026 % | 0.22to 2 ~ 5 years (need ~ 100 g COz-€q.
PV m? years 10 years for kWh
implementation)

14



Crystalline Silicon Photovoltaics

Life Cycle Inventory (LCI) Introduction

The LCI for crystalline silicon solar cells revolves primarily around material processing
and manufacturing. “Polycrystalline silicon feedstock purification, crystallization, wafering, cell
processing, and module assembly,” are the main focuses of crystalline silicon module
manufacturing (Fthenakis, Kim, & Alsema 2008). These processes require a variety of material
inputs and are extremely energy intensive. Following manufacturing processes, this LCI
continues by evaluating crystalline silicon installations on the utility scale. As many utility scale
solar installations will soon reach their end of life, understanding the site retirement processes is
extremely important. This LCI closes by analyzing the various recycling methods for crystalline
silicon as they become more publicly available. Once the LCI is complete, predetermined

environmental influencers are split into various impact categories for further analysis.

Raw Material Acquisition, Material Processing, and Manufacturing

Although silicon is the primary material used to manufacture crystalline silicon solar
cells, there are many other materials required during production. Modules consist of many layers
with differing properties and purposes, production of each of these layers requires different raw
materials as well as different energy demands. Manufacturing a complete crystalline silicon PV
module has “four distinct processes: polysilicon production, ingot and wafer manufacturing, cell
manufacturing and module manufacturing” (Photovoltaics Manufacturing 2016). By analyzing
the inputs and outputs at each stage of the module production process, the first stage of the LCI

begins.
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For crystalline silicon PV, the basic raw material used for cell production is silica,
sourced from silicon dioxide (SiO), a combination of Earth’s two most abundant elements,
silicon (Si) and oxygen (O) (Silica 2019). Silica can be collected easily via quartz sand (SiO), a
naturally occurring, moderately pure material with worldwide mining availability. Higher, closer
to electronic-grade purities of around 50%, are found primarily in quartz rock (Vatalis,
Charalambides, & Benetis 2015). Following the procurement of quartz, the material is
transported to a refinement facility that can use various dependent processes to produce a silicon-
grade purification level acceptable for PV use (Kadro & Hagfeldt 2017). Crystalline silicon PV
requires purities greater than 99%, preferably between 99.999% (5N) and 99.9999999% (9N)
(Photovoltaics Manufacturing 2016). In order to cleanse quartz of metallic and nonmetallic
impurities, refining facilities process the material in a variety of ways (Delannoy 2012). Figure 3
below is a flow chart imported from Green Rhino Energy’s website depicting silicon refinement
processes. Each step of the purification process is explained in detail in the following section.

Hydrogz::c?homde HCI Hydrogen

Melallurgical ‘ ' ‘ electronic-grade

> High it
Sand Grade Silicon Tﬁc;?lorglslga&!e ——
Si02#C | Coke Reduction | (MG Silicon) Disolve in HCI HSiCl3 e High-purity
wmmd | inArcFumace at300°C 2t 900°C w» Polysilicon
at1,800°C + distillation ~9N
—
 S—
Various Gasses Modified Polysilicon
Siemens Process| WP _ 6_y7N
‘
. Upgraded
Chemical | o (G Silicon
Refinement > 5N
solar-grade

Figure 3: Manufacturing Silicon Flow Chart, from PV Manufacturing, by Green Rhino Energy
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The refinement processes for quartz vary depending on the desired level of silicon
purification, i.e. solar-grade silicon with purities greater than or equal to 5N, medium-grade
polysilicon with purities between 6N and 7N, or electronic-grade polysilicon with purtities
greater than or equal to 9N (Photovoltaics Manufacturing 2016, & Smith & Barron 2013). To
begin the purification process for these three levels of PV-grade silicon, quartz is placed in an arc
furnace at temperatures around 3,300°F (1,800°C) (Smith & Barron 2013). The high temperature
requirements inherently result in high energy demands and thus, high costs for production. A
carbon (C) base, usually in the form of coke, coal, charcoal, or wood, is also placed in the arc
furnace for carbothermal reduction-smelting, where the additional carbon atoms help refine
quartz and synthesize a purer version of silicon (Li et al. 2018, Ali et al. 2018, Smith & Barron
2013, & Chigondo 2018). The result is a ~98% purified silicon, commonly referred to as
metallurgical-grade (MG) silicon (Chapter 3 n.d.). This MG silicon is not pure enough to be used
in the production of crystalline silicon PV modules. Residual metallic impurities, such as
aluminum and iron, as well as non-metallic impurities, such as phosphorous, boron, and carbon,
within MG silicon requires further refinement steps for use in PV modules (Chapter 3 n.d.,
Fthenakis et al. 2008, Kadro & Hagfeldt 2017, & Steel - Raw Materials 2019).

Next steps depend on the desired level of purification, i.e. solar-, medium-, or electronic-
grade silicon. For solar-grade silicon, otherwise known as upgraded MG silicon, with purities
greater than or equal to 5N, some remaining impurities are processed out with gases. The next
step varies depending on different panel manufacturers, but all involve some form of directional
solidification, where many of the remaining “impurities are segregated to the melt” (Martorano
et al. 2011). Following these further refinement strategies, the result is solar-grade silicon with

purities acceptable for use in the production of PV modules. The following diagram (Figure 4)
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represents the different processes used to produce crystalline silicon solar cells, two of which are

followed and described in detail in the following section.

Raw material

Metallurgic
Silicon
Trichloro
Silane
[ Fluidized ] [ Free Space ]
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Bed Reactor Reactor

Chemical reactant

Deposition routes

Ingot Furnace

Czochralski
Process

[ Cell & Madule ]

Figure 4: “Silicon Based Solar Cell Production Process,” from Producing Poly-Silicon from
Silane in a Fluidized Bed Reactor, by Ydstie & Du 2011

Higher purities increase the energy conversion efficiencies of the panels, therefore
obtaining further silicon refinement is required for optimal energy production. To achieve either
medium-grade (6-7N) or electronic-grade (>9N) polysilicon, the next step entails distilling the
remaining MG silicon in hydrogen chloride (HCI) at temperatures around 600°F (300°C)
(Safarian, Tranell, & Tangstad 2012). The result is a highly pure silane gas, most commonly
identified as trichlorosilane (HSiCls), formed through the further dissolving of leftover
impurities. Following this distillation, the remaining silane gas and leftover HCI are put through
some version of the Siemens process. This process is the oldest, most well known silicon

refinement process, however it is extremely energy intensive as it requires very high
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temperatures for further purification. The energy requirements also make this process extremely
costly, therefore modified versions have been developed to reduce energy use and costs
(Delannoy 2012). The version of the Siemens process that is selected is dependent on the
manufacturer and desired level of purification, either medium- or electronic-grade polysilicon.
Achieving a purity level between 6N and 7N, or a medium-grade polysilicon, requires the
remaining silane gas (HSiCls) to be put through a modified version of the Siemens process. One,
less energy intensive and more cost-effective version involves the substitution of a fluidized bed
reactor for the classic Siemens reactor. This offers reduced heat demands, resulting in reduced
energy and cost requirements. The fluidized bed reactor preheats fluidizing gases, such as
hydrogen and helium, in preparation for the addition of MG silicon into the reactor (Ydstie & Du
2011). Once silicon is added, chemical vapor deposition allows increased silicon seed particle

growth, resulting in purified medium-grade polysilicon ready for crystallized growth (Ydstie &
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Figure 5: Comparative Reactor Diagrams, from Silicon Wafer
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To achieve a purification level greater than or equal to 9N for electronic-grade
polysilicon, the remaining silane gas (HSiCls) and leftover HCI are put through the complete
Siemens process. The silane gas (HSiCls) and leftover HCI are further broken down with the
addition of hydrogen (H) atoms on a pure silicon bed (Takiguchi 2011). This further distillation
process places materials in a Siemens reactor at temperatures around 2000°F (1100°C) with
surrounding cool walls to prevent silicon deposition on the walls instead of on the bed (Delannoy
2012). During this process, HCI and H atoms are driven out alongside many of the other
remaining impurities. HCI and H atoms are separated and recycled for further reuse in the same
silicon production processes (Zadde et al. 2002). The result is electronic-grade polysilicon with
purities greater than or equal to 9N, ready for crystallized growth for the use in solar cells.

Following the production of highly pure silicon or polysilicon, the process for
manufacturing crystalline wafers begins. There are two different types of crystalline silicon
wafers for PV modules that can be produced; monocrystalline or poly/multicrystalline silicon
solar cells. Both monocrystalline and multicrystalline silicon solar cells require their own
production processes, however both require the growing of crystallized silicon from the
previously purified solar-, medium-, or electronic-grade silicon or polysilicon.

The first step for the production of monocrystalline silicon cells is the formation of single
crystalline silicon, which is pulled from the previously purified PV-grade silicon (Dixit,
Agarwal, & Purohit 2017). As briefly discussed in the background section, the process of
growing crystallized structures from molten polysilicon is known as the Czochralski Method.
This is the oldest, most commonly used method to produce crystalline silicon for use in solar
cells. During this method, a small seed crystal is placed on top molten silicon to produce

cylindrical shaped ingot of single crystalline silicon. The crystalline silicon cylinder is then ready
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for slicing as well as further etching to produce the ideal shape. Cutting and shaping the wafers is
usually done using a diamond saw which requires increased energy inputs (Photovoltaics
Manufacturing 2016 & Dixit, Agarwal, & Purohit 2017). Once the ideal shape is achieved, the
processed wafers are ready to be formulated into true energy producing circuit chips. To form
multicrystalline silicon wafers, the previously purified polysilicon is melted to produce a cube-
shaped ingot of monocrystalline wafers (Photovoltaics Manufacturing 2016 & Crystalline and
Polycrystalline Silicon n.d.). These cube-shaped monocrystalline wafers are combined together
to form multicrystalline wafers ready to be shaped or cut into circuit chips for solar cell use.

Finally, the mono or multicrystalline silicon circuit wafers are ready to be manufactured
into full PV modules consisting of different layers dedicated to various operational tasks. There
are two-layer module designs for crystalline silicon modules; the conventional multicrystalline
silicon solar cell and the integrated back contact (IBC) monocrystalline silicon solar cell. The top
layer for both types of cells is the same while the remaining layers differ. For the purpose of this
study, the layers included in conventional crystalline silicon cells are described in detail,
however Figure 6 on the following page is a DOE produced comparative diagram of the two
different solar cell layers for reference.

In order to decrease the rate of ‘lost’ sunlight, or reflected light, a textured anti reflective
coating (ARC) is applied to the top of the previously produced crystalline silicon wafer. An ARC
usually consists of titanium dioxide (TiO>) or silicon nitride (SiN) and is applied directly onto
the silicon wafer surface (Crystalline Silicon Photovoltaics n.d.). The texture is primarily in the
form of “micrometer-sized pyramidal structures, formed by a chemical etch process” (Ali et al.

2018). A conventional solar cell also applies a “screen-printed silver paste” on top of the ARC
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for additional protection (Ali et al. 2018).
These layers protect the inside cell structure
from potential damage from outside forces,
such as windblown debris or human-induced
damages.

For a conventional multicrystalline
silicon solar cell, the two layers beneath this
textured ARC surface are dedicated to the
production of a phosphorous-nitrogen interface.
Figure 7 on the following page presents a high
quality diagram of the p-n junction described in
detail in the following section. To accomplish
this “p-n junction, typically a phosphorous-
doped n+ region is created on top of a boron-
doped p-type silicon substrate” (Ali et al.
2018). An n-type silicon is created through the
addition of atoms, such as phosphorus, which
results in free moving excess electrons. By
adding atoms, such as boron and gallium, a p-
type silicon is produced alongside electron
transport holes formed due to insufficient
amounts of electrons (How a Solar Cell Works

n.d.). The present electron surplus in the n-type
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Figure 6: Comparative Layer Diagrams, from Crystalline
Silicon Photovoltaic Research, by the DOE
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Figure 7: “Schematic representation of a solar cell, showing the n-type and p-

type layers, with a close-up view of the depletion zone around the junction opposite charges generate
between the n-type and p-type layers,” from How a Solar Cell Works, by
Anthony Fernandez electricity, preventing further

electron transport hole filling. Once sunlight hits the solar cell, electrons within the silicon
regions are pushed out, passing through the depletion zone via a previously installed metallic
wire and electricity is generated (Smith & Barron 2013 & How a Solar Cell Works n.d.). The
electricity generated in the junction amplifies as the sunlight travels through the solar cell.
Underneath the p-n junction layers is an installed back contact layer for increased

structural integrity and environmental impact protection (Fthenakis & Kim 2011). This layer is
usually produced via a metal electrode, most commonly aluminum for crystalline silicon solar
cells (Crystalline Silicon Photovoltaics n.d.). The aluminum back contact most often forms a
sort-of frame surrounding the entire cell, on all four sides plus the back layer. A frame such as
this not only offers additional protection from outside forces, but also makes installation much
easier while providing increased structural integrity. Following the combination of all layers to

produce a complete solar cell, the modules are ready to be transported to the installation site
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from the manufacturing facility. The transport of materials along with the great energy
requirements for silicon purification and module manufacturing result in emissions from fossil
fuel resources, unless the manufacturing facility and transportation run off of renewable energy

resources.

Installation and Use

Following module manufacturing, the materials are transported from the manufacturing
facility to a fully prepared installation site, most commonly on the rooftop or utility scale.
Figures 8 and 9 provide simple comparative schematics of the two solar site designs commonly
used today. The size of these installations can range anywhere from a small 1 MW farm
installation to a 5 MW multiple acre installation, depending on where the site is located and who
the installer is (Utility-scale solar 2019). Changing lands in preparation for ground-mounted
solar installations is a requirement no matter the size and results in an immense amount of new

environmental pressures that create a negative chain of events, all of which are discussed in
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detail in the impact category sections. Once installed, energy production outputs and site

maintenance activities are the primary concerns for a utility scale solar site.
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Figure 9: “Grid Connected Solar Panels,” from Renewable Resources Alternative Energies, by Patrick Goliszewski
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Though the modules themselves are the energy producing materials, there are many other

materials required to install a utility scale solar site. Figures 10 and 11 offer simple schematic
representations of the necessary energy flow materials within the site itself. Ground-mounted
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solar arrays require metal mounting structures. If standard ground-mounts are chosen, the panels
are manually adjusted throughout the seasons to follow the peak sun, or a tracking system is also

mounted to avoid these manual adjustments (Matasci 2019).
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Figure 11: “Energy Transformation Flow Chart,” from Charts Figure 12: “The Balance of System Components of a
Collection. bv Charts Collection Photovoltaic System,” from Balance of System, by DOE

Balance of system (BOS) components refer to the materials necessary to transform the
sunlight converted direct current (DC) energy into the utility used alternating current (AC)
energy (Balance of System 2006). Figures 11 and 12 offer simple design schematics of the
balance these components have to manage when converting DC to AC electricity. These
components include wiring for direct electricity transfer, energy combiner boxes for
current/voltage output management, inverters for DC to AC energy conversion, fuse-boxes for
grid output management, and meters for energy production measurement (What is Photovoltaic
2018, Smalley 2015, Electrical and EMC Insulation n.d., Formisano 2018, & Net Metering
2019). Energy output management, though the primary lifetime management of a solar site, is
not the only site management necessary during the use period.

During the roughly 30 year expected lifetime of the crystalline silicon solar cell itself,

there is mandatory maintenance crucial to keeping energy production as high as possible.
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Installations in arid regions will require more frequent panel washings due to dust accumulation,
while installations in wet regions will require site mowings to counteract any shading from
vegetation overgrowth. Aside from energy output management, panel washing, and site mowing,
solar installations do not require consistent maintenance practices. Though the maintenance is
limited, it accounts for all waste emitted during the production lifetime of a solar site. Emissions
are discharged during maintenance team and material transport to and from the site as well as
during the maintenance activities themselves. During the entire lifetime of a solar cell following
installation, no excess waste is emitted from energy production, until decommissioning begins.

Energy production begins for the remaining lifetime of the site. The metal support
structures have about a 60 year life expectancy. The solar cells themselves, inverters, and
transformers last around 30 years, but there are often problems that arise during energy
production periods that will require some part replacements (Fthenakis & Kim 2011). Problems
include low efficiencies and damage from outside sources. Inverters and transformers often
require replacements every 10 years (Safarian, Tranell, & Tangstad 2012). The replacement
activities of a solar site depend greatly on the manufacturer as well as the site location as areas
with high wind speeds can damage panels by throwing debris. Gunshots are another growing
issue for the reliability of solar farms.

During the around 30 year lifetime of a solar site, the energy conversion efficiencies of
the site depend on the panels selected for installation. In August of 2018, the highest efficiency
levels found for crystalline silicon modules ranged between 22% and 26%. The highest
efficiency for monocrystalline silicon solar cells was 26.7%, compared to 22.3% for
multicrystalline cells (Philipps et al. 2018). These efficiency levels have nearly doubled in the

past 10 years (Takiguchi 2011). In-lab testing records produce higher efficiencies than installed
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solar sites, which are 25% for monocrystalline silicon solar cells and 20% for multicrystalline
cells (Crystalline Silicon Photovoltaics n.d.). An average efficiency of 24% is used for impact

category calculations. Energy conversion efficiencies are the main driver for PV research today.

Decommissioning, Materials Treatment, Disposal Methods, Recycling

As solar installations continue to develop, any outlook for the future must include
strategies for proper disposal of panels, though there is great reuse potential for the site itself.
Although there are many solar professionals and researchers concerned with the end of life of
PV, retirement processes are often left out of PV LCAs. As there has yet to be a utility scale
solar plant decommissioning, there is no universal plan for retirement yet. However, there are
general plans being developed revolved around dissembling the plant, separating materials into
groups based on their specific characteristics, treating the separate materials in different ways
based on their built properties, and transporting these materials from the solar site to treatment
facilities or landfills (Latunussa et al. 2016). Solar site components are separated into groups
based on their primary materials and site functions, such as mounting structures, transformers,
and the panels themselves.

There are two strategies for all site materials treatment following plant decommissioning:
either they are buried in a landfill or recycled for future reuse (Gerbinet, Belboon, & Léonard
2014). The strategies selected for site decommissioning are determined by the solar site owner as
well as the panel manufacturer. For the panels themselves, the strategies for disposal often
depend on the panel manufacturers’ preferred treatment methods. Unfortunately, the solar

industry experiences extremely high rates of short lifetimes for panel manufacturers, primarily
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due to bankruptcy (Wesoff 2015). Due to the quick rises and falls of manufacturers in the solar
industry, developing a universal recycling method for panels is of the utmost importance.

According to the International Renewable Energy Agency (IRENA), global PV waste
materials could be worth over $15 billion by 2050 as solar installed capacity continues to grow
worldwide, therefore understanding the future of PV recycling is a research area gaining interest
(Weckend, Wade, & Heath 2016). For the panels themselves, the recycling prospects are
extremely high. Many of the different parts can be reused for the continued production of solar
energy: the silicon solar cells, frames, glass, and wires can all be recycled (Marsh 2018). Once
the panel is disassembled, the parts are separated for reuse or disposal. Without any required
treatment, the metal, glass, and wires can automatically be reused for their original purposes in
solar panels. The silicon cells themselves require processing to create a new cell for continued
energy production (Marsh 2018).

The treatment strategies used to re-purify silicon cells depends on the recycling
company’s preferred methods. For the purpose of this study, three recycling techniques are
discussed: pyrolysis-, solvent-, and compression-induced silicon separation and purification
recycling. These all offer above 80% recovery rates of silicon and/or glass materials for future
reuse (Latunussa et al. 2016). Pyrolysis refers to the decomposition of materials via very high
temperatures and can be achieved by placing silicon materials in an arc furnace or fluidized bed
reactor, utilizing similar techniques used during silicon cell manufacturing (Pyrolysis n.d.). With
the addition of nitrogen and raising temperatures to around 900°F (450°C), silicon panel layers
are separated to reclaim the silicon and glass materials (Frisson et al. 2000). In pyrolysis, 80% of

the silicon materials and 100% of the glass materials are separated for further reuse in the solar
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Figure 13: “Schematic Flow Chart Revealing the Recovery

Processes of the Tempered Glass and the Silicon from the then placed in a furnace at ~1200°F (650°C) (Granata et
Waste PV Modules,” from Experimental investigations for

recycling of silicon and glass from waste photovoltaic

modules, by Kang et al. 2012 al. 2014). 85% of all glass is recovered, however this

recycling method is not good for recovering the silicon materials (Latunussa et al. 2016).
Though these three recycling methods decrease the EPBT of a solar site, the necessary
use of heat for silicon recovery and purification for further reuse requires an immense amount of
energy and subsequently large production costs. These costs can be offset by recovering
materials that would otherwise be lost to landfills, however unless the recycling facility runs off
of renewable energy sources, emissions from fossil fuels contribute to global climate change.
With an estimated $15 billion solar material recovery value by 2050 expected via soon
rapid decommissioning of utility scale solar power plants, there is great business interest. In

France alone, installed solar capacity has grown around 35% each year, resulting in nearly
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85,000 tonnes of materials used in 2017 (De Clercq 2018). In 2018, Veolia, an international
environmental services agency, opened Europe’s first solar panel recycling facility in France.
This facility focuses on the recycling strategies for crystalline silicon PV, the most popular PV
technology used in Europe today. Through a primarily robotic system, Veolia’s plant dissembles
the crystalline silicon panels and separates the metal, glass, wires, and silicon components for
further treatment (De Clercq 2018). According to Veolia’s Waste Solution CEO, 95% of the PV
materials are recovered and redirected for use in a variety of industrial sectors (Harambillet
2018). Under the direction of PV Cycle, an international non-profit dedicated to implementing
innovative PV waste management solutions, Veolia has undergone an extended contract to treat
over 4,000 tonnes of PV waste material over the next 4 years (Bellini 2017 & About PV Cycle
2016). This is one of the world’s first recycling facilities dedicated to only PV waste
management. Following the end of the 4-year contract period, Veolia expects to be a successful
example of PV recycling for profit, providing purified material excess that can be bought and

reused for a variety of purposes.

Discussion

During manufacturing processes for crystalline silicon PV, there are high energy input
demands, primarily for silicon purification and crystallized growth. These demands increase
production costs, greatly affect the EPBT of the solar site and have pushed researchers to lab-test

alternatives to this conventional solar technology.
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Perovskite Photovoltaics

Life Cycle Inventory (LCI) Introduction

Perovskite is a solar innovation that aims to greatly surpass current low efficiency solar
modules while offering massive upscaling potential alongside lowered manufacturing costs.
Though there is great potential with perovskite, there are still many drawbacks inhibiting actual
implementation or installation of perovskite PV for energy production. However, the potential
reductions in these drawbacks have scientists on the edges of their seats, waiting for
technological developments to help this innovation meet its true potential. The LCI of perovskite
focuses on current manufacturing methods while pinpointing places in need of further
development, if this new technology hopes to surpass its current competition. Due to the lack of
perovskite installations, gaps in the life cycle are filled with information learned during the LCI
of crystalline silicon PV. This information primarily comes during the installation and use
subsection, as it can be assumed that perovskite PV will be installed in the same way as
crystalline silicon PV, especially on the utility scale. To conclude this LCI, potential recycling of

perovskites is presented.

Raw Materials Acquisition, Materials Processing, and Manufacturing

Perovskite is “an organic-inorganic hybrid compound [that has a] ABX3 crystal
structure,” similar to the crystallized structure found in calcium titanium oxide (CaTiOs3), or
calcium titanate (Kajal, Ghosh, & Powar 2018, Perovskite Solar Cell 2019, & Scott 2018).
Perovskite minerals are most commonly mined from alkaline mafic rocks (Mineral Data

Publishing 2001-2005). Alkaline mafic rocks contain the mineral properties of alkali, “a
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chemical compound that neutralizes or effervesces with acids” (Definition of Alkali 2019). Most
acids are in the form of anions, or negatively charged ions, whereas most ions found in
perovskite/alkali structures are in the form of cations, or positively charged ions (Uptmor n.d. &
Nace 2017). The immense amount of cations found within perovskite provides flexibility for
altering the material to fit different industrial purposes (Gao 2016). However, the introduction of
more negatively charged ions is required if perovskites PV aims to be at a competitive efficiency
level to that of crystalline silicon PV.

There are many electrically applicable forms of perovskites, however halide perovskite
solar cells (HPSCs) are most commonly used where PV technologies are concerned, due to the
high energy conversion efficiencies (Celik et al. 2016 & Berry et al. 2017). Halide refers to the
negatively charged acidic compounds formed through some sort of halogen synthesis, which
when added, increases the efficiency of perovskite PV by allowing more movement for sunlight
energy conversion within the material (Definition of Halogen 2019 & Hemman 2016).

Labs are testing processes for low-cost, low energy demand manufacturing of HPSC:s.
Due to the great potential for combination of materials, perovskite is most often combined with
conventional crystalline silicon or thin film PV to produce an optimal level of energy conversion
efficiency (Berry et al. 2017). Thin film combination is the focus of this study because of the
printable potential for HPSCs. Figure 14 on the following page offers a brief comparative
schematic of thin film versus silicon perovskite PV for reference. It is important to note that
currently, researchers believe silicon-perovskite tandem devices will be the first wave of
perovskite implementations on the commercial level due to the extremely high energy

conversion efficiencies (Lab to fab n.d.). However, due to the lack of printability of this device,
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thin film perovskite was chosen for this analysis to understand the impacts of future solar cell

printing techniques.

Figure 14: Comparative Layer Diagrams, from Perovskite Solar Cells, by the U.S. Office of Energy Efficiency &

Renewable Energy
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The most promising, low energy intensive and cost-effective thin film perovskite PV
(HPSCs) manufacturing methods are referred to as solution processing, which can be achieved

through either spin coating or roll-to-roll (R2R) manufacturing methods. Both of these are

discussed in detail in the following section. Figure 15 helps visualize the differences among
perovskite manufacturing techniques.
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Using solution processing methods to produce HPSCs has resulted in efficiencies greater
than 20% (Zuo et al. 2018). For the purpose of this study, an average efficiency of 24% is
assumed. Spin coating manufacturing was one of the first methods used to develop HPSC
modules. This cost-effective production offers a basepoint for future perovskite developments,
however due to the large amount of waste produced and rather slow process, spin-coating is
inferior to R2R manufacturing (Kajal, Ghosh, & Powar 2018). Researchers foresee R2R
manufacturing methods offering the opportunity to produce perovskite PV on the terawatt (TW)
scale because of the print manufacturing potential (Berry et al. 2017). Lab-tested R2R-produced
panel efficiencies have surpassed 15%, therefore this innovative production method is allowing
HPSCs to become increasingly competitive with the conventional crystalline silicon PV module
(Zuo et al. 2018).

Before either solution processing method can occur, the raw materials must go through
pre-treatment for material cleansing. Perovskite materials can be refined at temperatures as low
as ~215°F (~100°C). The material is placed in a comparatively inexpensive furnace with liquid
solutions to assist in purification and to separate the ideal solar materials (Chandler 2019).
Before manufacturing processes begin, perovskite materials are placed in an acetone and
isopropanol bath for further refinement (Celik et al. 2016).

Spin coating involves several steps to produce HPSCs. First, a lead halide is spin coated
to produce an active layer to be combined with a perovskite photoabsorber layer (Zuo et al.
2018). Once the lead halide cations are flattened on a spin coating board-like surface, a
perovskite material, such as ammonium or formamidinium, is added on top of the flattened
halide layer, then spin coated to produce a flattened perovskite layer (Kajal, Ghosh, & Powar

2018, & Zuo et al. 2018). Figure 16 on the following page offers a simplified schematic of this
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spin coating technique. Once both layers are flattened with the perovskite sitting on top of the
lead halide layer, they are heated to produce the ideal crystallized structure of perovskite PV
(Kajal, Ghosh, & Powar 2018). Once heated, the perovskite PV layer is combined with four
other HPSCs panel layers required to produce a full solar module. These additional layers are

similar to that of the conventional crystalline silicon PV module.

o
TTfFTT™T

Figure 16: “Sequential Steps of Spin-Coating Process,” from Manufacturing Techniques of Perovskite
Solar Cells, by Kajal, Ghosh, & Powar 2018

Manufacturing methods for the perovskite photoabsorber layer vary depending on the
facility, funding, and materials. However, the layout of a full HPSC panel is the same no matter
the manufacturing method. For spin coating, once the lead halide and perovskite material layers
are created, they are combined with the other four required module layers. The top layer of a
perovskite PV panel is made from glass, to collect incoming solar electrons (Raghavan et al.
2018). Usually, this material layer is produced via easily procured flourine-doped tin oxides
(Celik et al. 2016). For the purpose of this study, a general perovskite module structure is used
and can be found in the previously provided Figure 14.

Below the top glass layer lies an electron transport layer (ETL) which transfers electrons
from the above glass layer to the below perovskite photoabsorber layer. The ETL can be made
from a variety of materials, but is primarily made of tin oxide or titanium dioxide. The low

temperature requirements of tin oxide make it more desirable from a cost effective, energy
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saving perspective (Celik et al. 2016). As the incoming solar electrons

Gold
Hole-transport layer flow through the ETL, they enter into the absorber layer, which
_ transforms incoming sunlight into energy (Raghavan et al. 2018). The
Electron-transport layer formation of this absorber is discussed in both the spin coating and R2R

Transparent electrode

method descriptions.

Glass
Below the perovskite photoabsorber layer lies a hole transport
layer (HTL) for increased energy conversion efficiencies through the
* recombination of electrons (Tress et al. 2014). The HTL is typically

Figure 17: “The Thin-Film Perovskite ] . . . .
Cell Structure,” from Perovskite-like ~ Made from inorganic compounds to increase the efficiency of electron

Solar Cells, by Raghavan, Avasthi,

Muralidharan, & Ramamurthy 2018 transport (Celik et al. 2016). The bottom of the panel serves as a back-
layer contact to stop further electron transfer. For perovskite PV, this back layer is usually made
up of a metal, either gold, silver, or aluminum. Although gold and silver offer the best energy
production outputs, due to their extremely high prices aluminum is the cheaper, more common
alternative (Celik et al. 2016). Once these layers are combined and wrapped around the
perovskite absorber layer, the PV module is complete and ready for installation. Figure 17 offers
a simplified schematic of the layers of thin film perovskite PV.

Although the spin coating method has been proven to produce HPSC energy conversion
efficiencies greater than 20%, the loss in material and slow process creates barriers to optimal
production (Zuo et al. 2018). During the spinning process, it has been calculated that around 90%
of the added raw materials can be lost due to the fast speed of the spinning board processor
(Celik et al. 2016). Along with great material loss, the spin coating process requires

measurement, time, and care to the deposition of each material and may not be appropriate for

large upscaling, due to the demand for highly efficient and cost-effective PV materials. With
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large upscaling potential of new manufacturing methods, new perovskite PV production
processes are being developed, with research focused on R2R print processing.

R2R manufacturing is a HPSC printing process being lab-tested to perfection. Efficiency
rates increase alongside innovative production techniques. Due to the potential for high
production outputs via quick printing techniques, R2R manufacturing is growing toward
complete development and further implementation or installation. Following the same basic
structure of the PV cell detailed above, R2R manufacturing creates a deposition process for the
ETL, perovskite layer, HTL, and surrounding protective material (Kajal, Ghosh, & Powar 2018).
These layers are applied one by one via a lined-up printing mechanism. Inkjet and slot die R2R
printing processes can be adapted to produce solar cells on the terawatt scale while outputting
next to no material waste (Kajal, Ghosh, & Powar 2018). Both R2R cell manufacturing
techniques deposit the first three layers; ETL, perovskite, and HTL, then covers the layered
material with a sort of lamination substance.

Prior to R2R manufacturing, the materials are thoroughly cleaned in ‘boiling, deionised
water’ twice, then dried via compressed nitrogen application (Perovskite Solar Cells Fabrication
n.d.). Following pretreatment activities, previously selected ETL material, perovskite precursor

ink, and HTL material are placed into their predetermined

ejection sites. Precursor ink refers to a metabolically-formed

HPSC application substance. These materials are kept at

heat or piezo oL (_7(° :
element temperatures around 160°F (~70°C) to ensure optimum

. material flexibility throughout the deposition process

ink droplet——®

&8 & (Perovskite Solar Cells Fabrication n.d. & Kajal, Ghosh, &
Substrate
Figure 18: “Schematic Illustration of Inkjet Powar 2018). Once materials are placed in ejection sites, the

Printing,” from Inorganic Nanomaterials for
Printed Electronics: A Review, by Wu 2017
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machine may begin the printing process. Figure 18 on the previous page offers a schematic
representation of a R2R perovskite inkjet printing process. Liquid filled ejection chambers
squeeze the different materials out of their selective nozzles onto a previously selected substrate.
Due to the great thickness of materials, nozzle clogging is one of the main concerns for
this R2R technique (Kajal, Ghosh, & Powar 2018). Researchers are still lab testing alternatives
to nozzle driven R2R printing to reduce potential clogging. As a result, slot die R2R printing has
grown in popularity as it reduces clogging while managing material deposition thickness.
Another R2R solution processed printing technique for terawatt scale production of
perovskite PV is known as slot die coating. As with the other R2R HPSC inkjet printing
mechanism, slot die coating involves the placement of previously selected ETL, perovskite layer,
and HTL material into selective slot die coaters to ready the material for in-line deposition
(Kajal, Ghosh, & Powar 2018 & Razza et al. 2016). Figure 19 offers a simplified schematic

representation of the slot die R2R perovskite printing technique. As with inkjet printing, the

2)  Deposition Head, Depositionhead, Deposition Mead,  Rotary Screen,  Lamination of material is squeezed out of the
) ETL Layer Active layer HTL Layor Conductive high quality
paste barrier film

elongated slot die coaters onto a

previously selected substrate,

however unlike inkjet printing,
the in-line printing process does
not end with the HTL.

Conductive paste and

lamination materials are also

Figure 19: “(a) An example of a schematic of inline roll-to-roll manufacturing process
for organic solar modules which is transferable also to perovskite solar cell
fabrication: ETL, active, and HTL layers are deposited by slot-die technique whereas
the back electrode is screen printed before lamination of a barrier film..... (b) Pbl . .
layer deposited by slot-die process,” from Research Update: Large-Area Deposition, line slot die coater.
Coating, Printing, and Processing Techniques for the Upscaling of Perovskite Solar

Cell Technoloay, by Razza, Castro-Hermosa, Di Carlo, and Brown 2016

placed into their selective in-
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Once the ETL, perovskite layer, and HTL are applied to the selected substrate, the
materials go further down the line of coaters and the conductive paste is applied, followed by the
lamination material (Razza et al. 2016). Due to the complete process achieved via slot die R2R
manufacturing as well as reductions in clogging potentials, this coating mechanism is preferred
(Kajal, Ghosh, & Powar 2018). Following the deposition of all the layers to form the HPSC, the
flat circuit is ready to be installed into or combined with the rest of the module materials to
complete the HPSC. The front and back contact layers are added last to keep the circuit cell safe
from outside stressors. As described above, the top contact layer of the perovskite solar cell is
made from glass material while the back contact layer is most often aluminum. These perovskite
printing techniques are most common in PV research and development at the moment, however
upscaling PV manufacturing does not address some larger concerns for solar technology as a

whole.

Installation and Use

The installation structure of a perovskite PV power plant will be the same as all other
solar power plants installed today. Although the high energy conversion efficiency expectations
(~ 24%) of perovskites have been lab tested and proven successful, there has yet to be any
installed perovskite PV production capacity. Without any utility scale perovskite solar
installations to study, analyzing the associated installation and use factors can be done by
applying what was learned during the analysis of utility scale crystalline silicon installations. As
with any utility scale solar power plant, perovskite PV plants will require an immense amount of
site maintenance prior to installation, and various balance of system (BOS) components, such as

wiring, inverters, mounting structures, etc.
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Though the structure of the power plants will be the same, installing perovskite on the
utility scale holds one key difference and potential harm than that of other solar installations.
Due to the use of toxic lead material in the perovskite layer, many developers are concerned
about implementing perovskite PV on the utility scale. As solar installed capacity continues to
rise, addressing the growing toxicity issues is of the utmost importance. There are certain human
and ecosystem toxicity risks that come along with using this toxic metal, discussed in detail in
the impact category assessments. The cell itself is surrounded by the front and back contact
layers, therefore only extreme cases are considered, such as high winds blowing hard objects and
human induced gunshots hitting panels, potentially breaking the seal and allowing the lead to

escape. Image 1 below shows an example of a wind or human caused breach of the top layer

surface of a solar panel, revealing the circuit cell layer.

Image 1: Broken Solar Panel from Thrown Debris

Site maintenance activities, such as lawn mowings and panel cleanings, produce waste

via emissions from trucks to transport workers and materials, emissions from mowers, and water
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waste from washings. As with the previously analyzed utility scale crystalline silicon
installations, panel washings are required to keep energy output at an optimal level. The panels
themselves, however do not produce waste until the site has reached the end of its lifetime and is
subsequently decommissioned, with necessary waste disposal mechanisms ahead. Currently,
HPSCs have extremely short lifetimes (~ 5 years), calculated based on lab-tested efficiencies and
small-scale installations (Kadro & Hagfeldt 2017). Though this is the estimated lifetime, without
any current perovskite installations, it is hard to know if this is accurate. Researchers believe a
minimum of a 10 year lifetime is required for actual commercialization. Luckily, with the further
development of perovskite printing techniques, manufacturing perovskite PV solar cells can be
extremely quick, counteracting the short lifespan with fast replacement technology. However,
with lifespans so low and replacement techniques so high, there is growing concern for

environmental impacts and end of life management of perovskite solar.

Decommissioning, Materials Treatment, Disposal Methods, Recycling

Recycling utility scale solar sites can greatly reduce the environmental impacts and
energy payback time (EPBT) of solar. There is opportunity to reuse many of the materials, as
well as the site location for future solar energy installations. All electrical equipment will require
replacement, while mounting structures may last longer. If the site is to be completely
decommissioned, almost all materials (nearly 99%) included in mounting structures, wiring,
inverters boxes, the panels themselves, etc., can be recycled through various techniques (Kadro
& Hagfeldt 2017). Perovskite panels front and back contact layers can be separated from the
circuit cell, recycled, and reused for a variety of industrial purposes. Perovskite circuit cells
themselves raise concerns due to the use of lead. Researchers are developing alternatives by lab

testing tin as a lead substitute. Though tin might seem ‘better’ than lead, the low natural
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occurrences alongside great environmental impacts from substance acquisition creates new
ecotoxicity concerns. The impacts of tin are also addressed in the impact category assessment.
Studying the recycling methods of conventional solar panels can give insight into the methods
that might be used during the end of life processes of perovskite PV.

As provided in the crystalline silicon LCI decommissioning section, PV Cycle is an
international agency dedicated to recycling PV waste. PV Cycle takes all kinds of PV modules
for further separation and treatment for the reuse of many of the substances. PV Cycle has
presented data showing the reclaiming of up to 96% of all materials within a solar cell for future

use in different industrial sectors, but primarily the solar sector (Kadro & Hagfeldt 2017). It is

important to note at least one recycling method specific to d /
e PV b ® >
perovskite PV being lab tested today. / J/

Perovskite recycling methods have to strategize the
'@ @E HTM

isolation of lead materials within the panels. One study

e
developed a step by step recycling procedure to ensure safe ' G e, \ '
toxicity levels while saving as much material as possible. ‘® © @47
Figure 20 is a schematic representation of this circular F10 O)

recycling method. The steps are as follows,

1. Remove back contact layer with adhesive tape Figure 20: “Recycling Procedure for Perovskite

. o o Solar Cells,” from Recycling Perovskite Solar
2. Separate HTL by submerging the remaining material in Cells to Avoid Lead Waste, by Binek, Petrus,
Huber, and Bristow 2016
chlorobenzene
3. Convert photoabsorber layer into iodide (Pbl2) and methylammonium iodide (MAI) by
submerging the material in a bed of double distilled water

4. Submerge the remaining material in dimethylformamide (DMF) for further lead removal
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5. Continue DMF submergence to separate ETL, leaving behind the glass top layer only
(Binek, Petrus, Huber, & Bristow 2016). Though there are other ways to recycle PV materials,
research shows that the addition of chlorobenzene, ethanol, and DMF are necessary for the
separation of perovskite PV layers and protective lead isolation measures (Tsao 2016). The
projected cost savings associated with using recycled PV materials, along with the lowered

manufacturing energy demands creates an ideal outlook for the future of PV recycling.

Discussion

As perovskite solar cells continue to go through lab testing to find optimal levels of
efficiencies alongside better substance use and longer life expectancies, the projection for
installation continues to rise. The potential for massive upscaling of perovskite PV
manufacturing through printing techniques creates an interesting environment for this growing

industry. Are manufacturing techniques the only large concern for PV life cycles? This is

explored in the impact category discussion section on both the individual panel and utility scale

installation levels.
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Impact Categories

Introduction

Though impact categories are separated by their primary effects, many overlap when PV
modules and utility scale solar are being considered. During module manufacturing, the primary
impacts are resource use during production, contribution to global climate change, land use, and
human and ecosystem toxicity levels. These four impact categories combine data from required
energy and materials use during production to understand the overall contributions. If modules
are installed on rooftops, there are minimal installation, or use, impacts to consider outside of the
initial impacts during manufacturing and anticipated panel washings. However, following
installation on the utility scale, there are many more impact categories to consider, primarily due
to immense land stress. Following installation, one of the main concerns for this renewable
energy source is the energy payback time (EPBT). How long does it take for the solar site to
produce an energy amount equal to that required during the manufacturing processes?

The following impact categories consider solar installations on the utility scale while
discussing contributions specific to crystalline silicon and perovskite PV module manufacturing,
use, and decommissioning. Some categories are discussed in a more general manner, such as
land stress, as the impacts are associated with any utility scale solar plant, while some categories
are discussed by directly comparing crystalline silicon and perovskite PV. The impact categories

and subsections selected for this study are provided in the table on the following page.
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Table 3: List of Selected Impact Category Sections and Discussions

Natural Resource Contributions to Global | Land Use | Human and
Depletion Climate Change Ecosystem Toxicity
Crystalline Silicon PV Global Warming Ecosystem | Emissions

Material and Energy Potentials (GWPs) Stress

Requirements

Perovskite PV Material and Land Use | Use of Toxic
Energy Requirements Efficiency | Materials

Energy Payback Time
(EPBT)

Trees vs Solar

Utility Scale PV Material
and Energy Requirements

Water Use

Natural Resource Depletion

In reference to all PV installations, the natural resources used involve raw materials and

energy requirements necessary for production, as well as mandatory water quantities for solar

site maintenance. The raw material requirements for manufacturing of a solar site are described

on a per panel basis, i.e. materials necessary for crystalline silicon versus perovskite PV, then on

the utility scale. Energy requirements are analyzed based on each panel’s individual

manufacturing processes. Using energy input data and expected energy output, the energy

payback times (EPBTS) are calculated. Using recycled PV material can greatly reduce the EPBT

of the solar site. Water quantities are analyzed based on the amount of water necessary for

periodic cleaning of solar panels.
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Crystalline Silicon PV Material and Energy Requirements
Throughout the lifetime of crystalline silicon PV, there is a variety of required natural
resource inputs. Natural high abundances of most input materials reduce concerns of substance

diminishment. The inputs for crystalline silicon PV were analyzed in the LCI and are as follows;

Table 4: Raw Materials Required for Crystalline Silicon PV Production

Raw Material Production Purpose

Quartz sand (silica, SiO3) For silicon production

Carbon (C) base (coke, coal, charcoal, wood) | For carbothermal reduction-smelting

Various gases For Metallurgical Grade (MG) silicon
refinement

Hydrogen Chloride (HCI) For MG silicon distillation

Hydrogen (H) atoms For the Siemens Process to further purify
silicon

Small crystal seeds For the Czochralski Method of growing
crystalline silicon

Titanium dioxide (TiO>) or silicon nitride For the textured anti reflective coating (ARC)

(SiN)

Screen-printed silver paste For additional protection on front layer

Phosphorous-doped n+ region For phosphorous-nitrogen (p-n) interface

Boron- (or gallium-) doped p-type region For p-n interface

Aluminum For back contact layer of solar cell

During the manufacturing of crystalline silicon PV, various energy requirements increase
the embodied energy of the material, subsequently increasing the EPBT of the solar site. The
great energy demands for silicon purification and crystallized growth during module
manufacturing are the main concern for crystalline silicon PV, however the following table
depicts all energy requirements expected for current and future module production. See

Appendix | for calculation information.
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Table 5: Energy Requirements for Crystalline Silicon PV Manufacturing (Embodied Energy)

Source Carbon | Siemens Czochralski | Further Metal Total
Smelting | Process Method Manufactur- | Frame
ing Methods

Alsema & | - ~611 KWh | ~ 278 kWh ~ 278 KWh ~111 ~1278 KWh
Nieuwlaar 1 m? 1m? 1 m? kWh 1 m?
(2000) 1m?
NREL’s - - - - - ~ 420 kWh
PV FAQS 1m?
(2004) to

~ 600 KWh

1 m?

Nawaz & | ~15kWh |[~72kWh | ~210 kWh ~ 190 kWh - ~ 487 kWh
Tiwari 1m? 1m? 1m? 1m? 1m?
(2006)
Mann, et |- ~152 KWh | ~ 62 KWh ~ 82 kWh - ~ 296 KWh
al. (2013) 1 m? 1 m? 1 m? 1m?
Diaz & - ~202 KWh | ~ 120 kWh ~ 190 kWh ~ 66 ~ 578 KWh
Batalle 1 m? 1 m? 1 m? kWh 1 m?
(2013- to to to 1m? |to
2014) ~666 kWh | ~ 664 kWh ~ 451 kWh ~1846 KWh
RANGE 1m? 1m? 1m? 1m?
Kim, etal. | - - - - - ~ 25 kWh
(2014) 1m?

to

~ 104 KWh

1 m?

From this embodied energy table, a distinct decreasing trend is found. In 2000, energy

requirements for crystalline silicon module production reached almost 1300 kWh/m?. Over the

years, this number greatly decreased to under 100 kWh/m?. Using the values in the table above,

an average embodied energy value of ~450 kWh/m? is assumed. See Appendix | for calculation

information.
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Perovskite PV Material and Energy Requirements

During manufacturing processes for perovskite PV, the primary raw materials used
increase levels of concern while the small energy demands create ideas for manufacturing
improvements. The raw material inputs for perovskite PV were analyzed in the LCI and are as

follows;

Table 6: Raw Materials Required for Perovskite PV Production

Raw Material Production Purpose

Alkaline mafic rocks For perovskite production

Acetone, isopropanol, and deionized water For pretreatment / cleaning activities
Compressed nitrogen For dry cleaning

Glass For top layer of module

Fluorine-doped tin oxide or titanium dioxide | For electron transport layer (ETL)

Lead-halide For absorber layer (HPSCs)
Perovskite material (i.e. ammonium) For absorber layer

Inorganic compounds For hole transport layer (HTL)

Metals (gold, silver, aluminum) For back contact layer

Conductive paste and lamination materials To connect and surround thin film cell

Natural high abundances of most materials reduce concerns of materials diminishment,
however the use of lead in the cell itself raises concerns for the level of human and ecosystem
toxicity while guiding research towards other metal alternatives. Tin alternatives to lead have
been lab tested. Though tin is appealing for the lack of direct toxicity effects, mining the
substance releases toxicity levels with global warming potentials (GWPs) far beyond that of lead.
Tin also occurs in rather small quantities naturally, therefore depleting the resource would not
take long (Kadro & Hagfeldt 2017). Although the use of lead within the material can be of some

concern, the extremely small amount can counteract most concerns.
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Along with raw materials needed for production, there are some energy requirements

associated with manufacturing perovskite PV. These requirements are far smaller than that of

crystalline silicon PV production, but still relevant to this study. For perovskite PV, the various

manufacturing methods and raw materials that can be selected greatly impact the embodied

energy of the modules. These results are expressed in the following table. Please refer to

Appendix Il for calculation information.

Table 7: Energy Requirements for Perovskite PV Manufacturing (Embodied Energy)

Source Manufacturing | Material Deposition Total
Process Embodied Energy Embodied
Analyzed Energy Requirements Energy
Celik, et al. Solution - - ~ 184.72 KWh
(2016) Processing 1 m?
Celik, et al. Solution - - ~16.4 KWh
(2016) RANGE | Processing 1 m?
from Ecolnvent to
Database ~134.4 kWh
1 m?
Ibn-Mohammed, | Vapor 97.2 kWh 61.24 kWh ~158.4 kWh
et al. (2017) Deposition 1 m? 1 m? 1 m?
Ibn-Mohammed, | Spin Coating 66.04 kWh 27.45 kKWh ~93.5 kWh
etal. (2017) 1 m? 1 m? 1m?

From this information, the average embodied energy of perovskite PV is calculated. See

Appendix Il for detailed calculation. The average embodied energy of perovskite PV was

calculated at ~118 kWh/m?. This is significantly lower than the embodied energy found for

crystalline silicon PV. The reason for this difference is the difference in energy requirements

during module manufacturing, as crystalline silicon production is much more energy intensive

than perovskite, due to the printability of perovskite PV.
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Energy Payback Time (EPBT)

Many steps are involved in order to calculate the EPBT of a solar site. See Appendix IV for the
detailed calculations of crystalline silicon and perovskite PV EPBTSs.
1. Energy requirements during manufacturing must be calculated
a. Inthe previous calculation, the energy requirements for both panels were,
i. Crystalline silicon: ~451 kWh/m?
ii. Perovskite: ~118 kWh/m?
2. Solar site expected annual energy output must be calculated
a. Energy output is extremely location dependent due to variations in incoming solar
radiation (insolation), therefore the annual outputs were calculated based on four
different insolation locations
b. For both panels, an energy conversion efficiency of 24% was assumed, therefore
the following values for energy output were the same regardless of the panel
i. Low annual insolation energy output: ~72 kWh/m?/year
ii. Medium-low annual insolation energy output: ~109 kWh/m?/year
iii. Medium-high annual insolation energy output: ~128 kWh/m?/year
iv. High annual insolation energy output: ~151 kWh/m?/year
3. Cross reference each of these calculations to determine how long will it take the solar site
to produce an amount of energy equal to that required during manufacturing and
installation activities (location/insolation dependent)
a. EPBT =embodied energy / expected annual energy output
b. Using the two embodied energy values and four energy output values above,

ranges for EPBTs were calculated for each panel
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See Appendix IV for detailed EPBT calculation. For crystalline silicon PV, the average EPBT
calculated was between 2 and 6 years, depending on the manufacturing processes used and the
location of the solar site (Gerbinet, Belboom, & Leonard 2014). As expressed in the LCI, using
recycled materials can decrease the EPBT of crystalline silicon PV by ~40% through reductions
in energy demands during manufacturing (Frisson et al. 2000). On the other hand, the average
EPBT of perovskite materials calculated was between 0.22 and 2 years, due to the extremely low
energy demands during module manufacturing, as well as the location of the solar site (Celik et

al. 2016).

Utility Scale PV Material and Energy Requirements
When installing any utility scale solar power plant, there is a variety of materials needed
to complete the site. The following table presents LCI data of the most common BOS

components and their related site responsibilities.

Table 8: Raw Materials Required for Utility Scale Solar Installations

Raw Material Production Purpose

Metal mounting structures For site stability

Copper-covered aluminum wiring For direct electricity transfer

Energy combiner boxes For current/voltage output management
Inverters For DC to AC energy conversion
Fuse-boxes For grid output management

Meters For energy production management
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Along with materials for installation activities, there is an immense amount of energy
required for site preparation and installation. Some research suggests BOS components on the
utility scale reach an embodied energy value of ~ 151 kWh/m? (Mason, Fthenakis, & Kim 2005).
Others have suggested this value could be as low as ~ 40 kWh/m? or as high as ~ 500 kWh/m?
(Zhou & Carbajales-Dale 2018 & Nawaz & Tiwari 2006). If the embodied energy of a utility
scale solar site is added to the that of a specific panel, the EPBTSs previously calculated would

increase as a result.

Water Use

The depletion of water resources comes primarily during solar site maintenance
specifically, panel cleaning. Throughout the lifetime of a solar site, the modules will require
frequent washings to remove smog, dirt, dust, debris, etc. from the panel surface (Solar panel
cleaning 2019). Panels covered in some sort of soiling layer will not produce as much electricity
because the incoming sunlight will be blocked out. In 99% of cases, washing panels with plain
water results in an adequate level of panel cleaning to increase energy output efficiency while
decreasing the amount of grime left on the panels (Cleaning Your Solar Panels n.d.). In order to
keep solar energy production at an optimal rate, panel washing is required, however the
frequency of these washings depends on the location of the solar site and the rate of soiling
increase over time. Deciding when to wash solar panels depends greatly on the previous and
upcoming weather conditions, as well as the visible layer of debris on the panels (Krause 2014).
It is hard to tell how much soiling actually affects the energy output of a solar array, however
many studies have been conducted to do just that. Some studies suggest washing panels results in

as high as a 50% increase in energy output while other studies have suggested that washing
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panels does not change the energy output at all, unless there is an extremely thick layer of debris.
In order to figure out the optimal washing schedule for solar sites in specific locations, you must
first consider the weather conditions of that area.

In arid climates, such as the southwestern United States, with high rates of dust
accumulation and dust transport alongside intermittent light rainfalls, panel washings are
required more frequently. Aeolian dust soils panels, creating a layer of dry dust that can be easily
washed away. Light rainfalls, though offering some relief for the layer of dry dust, often soil
panels even further as they carry with them an array of particles ready to stick to the panels. In
areas with wetter climates, frequent heavy rainfalls actually assist in washing away grime stuck
on panels. However, these climates often experience some degree of snowfall as well which
results in further panel soiling as snow carries particles from the atmosphere down to soil the
panels. Although heavy rainfalls can help remove a layer of built up debris, most precipitation
further soils panels, reducing the energy output efficiencies, and subsequently increasing the
amount of required panel washings.

As a result of aeolian dust transport alongside location dependent precipitation rates, the
general rule of thumb for panel washing is twice per year around the summertime (Zientara n.d.).
In order to maximize the energy production rates, it is recommended to wash panels during peak
sunlight months. Washings typically result in an immense amount of water resource depletion as
utility scale solar sites can be incredibly large. Generally, washing panels uses around 20 gallons
(gal) of water per 1 MWh of solar (Water Use Management n.d.). Frisvold & Marquez (2014)
found an average of 51 gal/MWh energy production, however once the outliers were removed,
the article found an average range of 0 to 33 gal/MWh for utility scale solar installations. Using

these previously calculated averages, it is assumed that around 30 gal/MWh is needed to wash a
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solar site. At the end of 2018, the Solar Energy Industries Association (SEIA) reported that the
U.S. surpassed 60 GW of installed solar energy capacity (U.S. Solar Market Insight 2018).
To estimate the amount of water needed to wash all solar installations in the U.S., the
following calculation is performed.
If 1 GW = 1,000 MW, then 60 GW = 60,000 MW of installed solar capacity in 2019
Each U.S. site requires 2 washings per year at 30 gallons of water per 1 MWh per wash
And 1 MW = 2,190 MWh

30 gal x 2,190 MWh = 65,700 gal x 2 wash = 131,400 gal x 60,000 MW =
MWh/wash MW MW/wash year MW/year

=7,884,000,000 gal/year

Therefore, the U.S. will require around 7,884,000,000 gallons of water each year to wash

every solar site
In some locations, studies have found that washing panels results in around a 10-30% increase in
energy output, if there is a visible layer of soiling on the panels beforehand (Why Clean Solar
Panels? n.d. & Best Way to Clean Solar Panels n.d.). However, the rate of energy production
increase greatly depends on the location and the amount of soiling on the panels beforehand,
therefore not all washings will result in such a high energy production output increase. Many
researchers today are trying to figure out whether the amount of energy output increase is worth

the necessary water us for panel washings, as well as the costs of these washings.

Discussion
From this impact category analysis, it can be determined that when choosing a specific
solar panel there are certain drawbacks that will come along with it. For crystalline silicon PV,

the great energy demand during manufacturing increases costs as well as ecosystem toxicity and
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subsequently, contributions to global climate change, if the manufacturing facility does not run
on renewable energy sources. For perovskite PV however, the energy demands during
manufacturing are far less than that of crystalline silicon but the use of toxic lead materials,
creates barriers as society fears this specific toxicity. Following module manufacturing, the water
demands during use are relatively the same as all utility scale solar sites have similar structures

and materials, besides the specific panel.

Contribution to Global Climate Change
Many activities, from raw material extraction to site decommissioning, can play a great role
in our climate system. During module production, maintenance, and transport, electricity and
fuel primarily from fossil fuel sources contribute to our changing climate.
e Use of fossil fuels for energy production during manufacturing releases greenhouse gases
(GHGs) into the atmosphere, thus exemplifying the greenhouse effect.
e Use of fossil fuels for worker and material transport also contributes to greenhouse effect
e Site clearing contributions to global dust-climate feedback system and eutrophication
e Site maintenance activities require mowers and other vehicles releasing GHGs
The following section analyzes the global warming potentials (GWPs) of crystalline silicon and

perovskite PV using data from previously calculated studies.

Global Warming Potential of Crystalline Silicon and Perovskite PV
The EPA describes global warming potential (GWP) as a mathematical representation to
compare the warming aspects of different emissions, such as carbon dioxide (CO3), methane

(CHa4), chlorofluorocarbons (CFCs), etc. “Specifically, [GWP] is a measure of how much energy
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the emissions of 1 ton of a gas will absorb over a given period of time” (Understanding Global

Warming 2017). For solar modules, a CO- equivalent is used to measure the GWP. From a

variety of studies, information on the GWP for crystalline silicon and perovskite PV was

collected and compared in the following tables.

Table 9: Global Warming Potential of Crystalline Silicon PV

Source

Global Warming Potential (g CO2-eq. / kWh)

Fthenakis, Kim, & Alsema (2007)

~ 30 to 45 g CO2-eq. / kWh

Hsu, et al. (2012)

~ 57 g CO2-eq. / kWh

Gerbinet, Belboom, & Leonard (2014)

~39t0 100 g COz-eq. / KWh

Gong, Darling, & You (2015)

~ 40 g CO2-eq. / KWh

Leccisi, Raugei, & Fthenakis (2016)

~ 30 g CO2-eq. / KWh

Using this information, the average GWP for crystalline silicon PV was calculated. See

Appendix V for calculation information. From this calculation, it can be assumed that on

average, crystalline silicon PV releases ~49 g CO2-eq. per kWh of solar panel energy production.

Table 10: Global Warming Potential of Perovskite PV

Source

Global Warming Potential (g CO2-eq. / kWh)

Garcia-Valverde, Cherni, & Urbina (2010)

~ 5510 110 g COz-eq. / KWh

Espinosa, et al. (2015)

~ 350 g CO2-eq. / KWh

Gong, Darling, & You (2015)

~ 60 to 100 g COz-eq. / KWh

Celik, et al. (2016)

~ 99 to 147 g CO2-eq. / kWh

Ibn-Mohammed, et al. (2017)

~ 90 to 160 g CO2-eq. / kWh
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Using this information, the average GWP for perovskite PV was calculated. See
Appendix V for calculation information. From this calculation, it is assumed that the average

perovskite panel has a GWP of ~ 100 g CO2-eq. per 1 kWh of solar panel energy production.

Discussion

From these tables and related calculations, it is apparent that the GWP of perovskite is
about double that of crystalline silicon. The reason for this larger contribution is primarily due to
the rather short lifetimes of perovskite (~5 years right now). As researchers continues to strive
for longer lifetimes (~ 10 years), it can be assumed that as the life expectancies increase, the
GWPs will decrease. It is also important to note that in the following impact category sections
various climate change contributions are analyzed as they relate to land cover change and human
and ecosystem toxicity. These can include increased contributions to the dust-climate feedback

system, decreased carbon sequestration, increased emissions, and so on.

Land Use

Due to the large size of utility scale solar power plants, environmental stressors from
large land use change can be depicted using a chain of events-like framework. In the following
section, the chain of events that might unfold as a result of land cover change for big solar, no
matter the panels used, is analyzed. The great changes come along with great environmental
impacts, all of which are discussed in detail. Once the site is developed, the reversibility of the
land for other uses decreases as a result of the land surface and subsurface changes. Activities as
preparation for installation through a chain of events, all the way to decommissioning and

calculating land use reversibility, are included in the ecosystem stress subsection. The second
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subsection involves calculating the land use efficiency of utility scale solar sites. This depends
on the expected annual energy output as well as the site acreage. Both subsections provide an in-
depth analysis into the great adverse environmental impacts associated with large scale solar

installations, regardless of the specific solar cell used.

Ecosystem Stress

In order to install a utility scale solar power plant, a lot of changes must occur to create
an ideal surface and subsurface land environment. For the purpose of this study, the following
section analyzes a chain of events as they might occur from this land cover change. This chain of
events correlates closely with North American Forests and the Great Plains. Both of these
ecosystems provide services necessary for the preservation of our natural world. Forests are rich
with biodiversity and ecosystem services, such as carbon sequestration and storage, nutrient
cycling, and water purification (Forest ecosystem products 2017). The Great Plains house the
nations vast grasslands and playas, both of which have great biodiversity and contribute
necessary ecosystem services. These services include, but are not limited to, flood control, soil
preservation, nutrient regulation, waste management, and carbon sequestration (Ecosystem
Services from National n.d. & Ecosystem Services and Playas n.d.). Altering these environments
for utility scale solar installations greatly impacts the area, potentially causing irreversible
damage. The following section dives deep into the possible outcomes from clearing these lands
for solar installations. The selection process used to determine ideal ecosystems to analyze is
detailed in Appendix VI.

In preparation for installation, an immense amount of land cover change is required, such

as vegetation clearing and soil maintenance (Utility-Scale Solar 2015 & Hernandez et al. 2014).
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Great changes to lands cause adverse ecological effects that could take hundreds of years to be
reversed (Beatty et al. 2017). Changing lands can result in adverse environmental effects for both
the local land and water resources. The local ecosystem can experience decreases in local
biodiversity, increases in the risks of soil erosion, increases in aeolian dust transport and
subsequent increases in contributions to the global dust-climate feedback system. Along with
land risks, effects on the local water resources can include increases in surface runoff, increases
in eutrophication, and increases in water stress.

All of these negative impacts can result in decreases to the land use efficiency as well as
the land use reversibility. These effects represent the biggest environmental concerns when
implementing utility scale solar plants, regardless of the panel type installed. All of these effects
are inherently related to each other, exemplifying one another down a chain-like system of
degradation (Hernandez et al. 2014). The following section will follow this chain of events as
they might unfold during the preparation, installation, use, and decommissioning of a utility scale
solar site in either forest or grassland areas to provide a well-rounded understanding of the
adverse effects of altering these landscapes.

While preparing the landscape for the development of a large ground-mounted solar site,
developers and construction teams must change the land in a variety of ways. Land cover change
often involves many methods to attack different ‘problems’ associated with the surface and
subsurface. First, the land must be cleared of nearly all of the existing vegetation, soil, and
underground roots. The above- and below-ground vegetation and roots are cleared using various
machines, such as hogs, shears, and grapples (Vegetation 2019). The topsoil is the top layer of
soil, containing the organisms, nutrients, characteristics, etc. essential for supporting the growth

of vegetative life (Best Management Practices 2011). This uppermost soil layer is stripped using
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machinery and stockpiled in a location either near or far from the solar installation site (Beatty et
al. 2017). Once the topsoil is stockpiled, it has around 6 months to be reused before all of the
essential ingredients for vegetation growth die out as a result of this landscape change (Best
Management Practices 2011).

Following these various clearing strategies, the land is further graded, or leveled, before
machine-driven soil compaction occurs (Beatty et al. 2017). Soil compaction refers to the
landscape preparation method of applying a large amount of force to the surface soil. Contractors
apply this method to further resist the infiltration of various natural mechanisms to the surface
and subsurface soil, such as water, air, plant roots, etc. (Wolkowski & Lowery 2008). Without
proper infiltration rates, lands experience rises in the potentials for landscape biodiversity
diminishment, soil erosion progression, and storm water runoff advancement, all of which cause
even more adverse ecosystem effects.

When developing a solar site, the various forms of landscape fragmentation required to
achieve an ideal landscape result in adverse effects on the local ecosystem. Landscape change
causes decreases in local biodiversity from the creation of new ecological barriers preventing
different species from moving around and taking root (Hernandez et al. 2014). In other words,
this vegetation clearing and soil grading can cause great changes to the ecological landscape by
decreasing opportunities for biological expansion. Native plant species die out with a new,
unwelcoming environment, allowing exotic invasive plant species to take root. Eventually,
invasive species push native plant species completely out, taking over the environment (Beatty et
al. 2017). Due to the probability of decreasing local biodiversity through the development of new
ecological barriers, solar sites must be located outside endangered or vulnerable species habitats.

The use of toxins, such as herbicides for land preparation and dust suppressants for maintenance
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activities, also cause great habitat loss and subsequently, great reductions in local biodiversity
(Hernandez et al. 2014). Along with barriers for biological expansion, clearing land impacts
surface and subsurface soil properties, allowing for even more adverse environmental processes
to take place.

Once the site is cleared of all remaining vegetation, the land becomes extremely hostile
and barren as plant species die out to create an ideal environment for a utility scale solar site.
Ideally, the land would be completely cleared of vegetation to decrease future maintenance
activities centered around vegetation management. In other words, frequent mowings to reduce
vegetation shading of panels can be diminished through the complete clearing of all vegetation
from the premises. However, when vegetation is completely cleared out and the soil is
compacted, other ecological problems rise in concern as they can too affect the outcome or
output of the solar site. Barren landscapes result in extremely dry soil or dirt which contribute to
increases in land erosion potential, aeolian dust transport, global dust-climate feedback systems,
and storm water runoff contributions to eutrophication and great water stress.

As the land is cleared and compacted, the soil is left dry, which inherently means the soil
is left weak. Weak soil can be impacted greatly by outside sources such as wind, water, human
activity, and so on. These natural or anthropogenic forcings can negatively impact the surface or
subsurface soils which, in turn, negatively impacts the energy production potential of a utility
scale solar site. Dust can reduce the efficiency of a solar site through a variety of ways but
primarily through the increased risk of landscape erosion as well as increased contributions to
aeolian dust transport pathways and subsequently, contributions to the global dust-climate
feedback system. In the case of solar sites, land erosion refers to the movement of surface and

subsurface soil through the increase in natural forcings, such as wind and water (Evers 2018).
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Erosion can shift an entire site, destroying parts and immensely decreasing the energy production
output. Although the risks of land erosion on a solar site are known, strategies for erosion
prevention are often forgotten as solar developers aim to keep installation costs low (Erosion
Control 2019). Though erosion can cause the most damage to a solar site, it occurs the least often
as panel soiling and weathering increases due to airborne dust transport, therefore developers are
often more concerned with dusts contributing to advanced panel degradation rates rather than full
site erosion potentials.

When lands are altered in various forms to create an ideal environment for a solar site,
the amount of localized dust increases as a result. As weather conditions change with the
seasons, wind speeds and frequencies increase, resulting in increased contributions to the amount
of aeolian dust transport. Airborne dust can soil PV panels resulting in a layer of impurities on
the module surface, weather panels resulting in decreased panel lifetimes, and contribute to the
global dust-climate feedback system resulting in adverse climate change effects. A layer of
soiling on the panels decreases the energy production output of the solar site and increases the
rate of necessary panel washings. Wind-blown dust, dirt, and debris also increases the rate of
panel weathering, which inherently refers to the aeolian soiling breaking down most material it
comes in contact with (Evers 2018). This increased rate of weathering decreases panel
efficiencies and lifetimes as it wears down the material necessary for adequate energy production
outputs. Clearing vegetation dries out the lands, increasing the accumulation of dust and aeolian
dust transport, increasing the contributions to the global dust-climate feedback system, while
subsequently decreasing the energy production efficiency of the solar site.

Increases in dust contributes to the dust-climate feedback system, which can have adverse

effects on our changing climate. The role dust plays in growing anthropogenic climate change
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effects is still being explored, however there are specific effects that are well-understood among
climate scientists. It is still unknown whether increases to the dust-climate feedback system
might contribute to or take away from the global anthropogenic climate change effects seen
today, however scientists can pinpoint key areas of concern (Kok, Ward, & Mahowald 2016 &
Kok, Ward, Mahowald, & Evan 2018). Dust influences our climate system in a variety of ways,
but its primary impacts are associated with variances in radiative properties as well as influences
on the hydrologic cycle (Winckler 2010 & Highwood & Ryder 2014). Researchers are still
studying the impacts of dusts have on our changing climate.

Compacted soil allows for little to no water absorption from a lack of filtration access
from increased impervious surfaces. Due to the low absorbency property of compacted soil,
barren landscapes experience increased rates of water runoff. Runoff most commonly refers to
the flow of excess storm water along the surface, towards low lying land or bodies of water. As
the water flows along the surface, it picks up various, potentially problematic, substances such as
nutrients, bacteria, pesticides, chemicals, etc. (Perlman 2016). These natural or man-made
substances travel along the water flow until they eventually deposit in a new environment. In
most circumstances, the water runoff follows naturally occurring slopes or man-made paths into
drainage pipelines, both of which empty into different bodies of water (Perlman 2016). If the
water runoff carries an immense amount of new nutrients, the intake areas can experience
increased rates of eutrophication and acidification.

The eutrophication process is as follows. Nutrients found in animal waste and fertilizers
have very high concentrations of nitrogen and phosphorous, both of which fuel vegetative
growth in the intake aquatic ecosystem (NOAA 2018). As these life-producing nutrients arrive in

excess quantities to new underwater ecosystems, there is a sharp rise in plant and algae growth.
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Spikes in aquatic vegetative growth result in the formation of incredibly dense algae blooms
which end up blocking the necessary sunlight and intaking most of the available oxygen.
Following decreases in sunlight and oxygen quantities, the local vegetation quickly dies off,
creating a ‘dead zone’ where life can no longer thrive (Chislock, Doster, Zitomer, & Wilson
2013). Eutrophication can also result in increased rates of ocean acidification through the
production of excess carbon dioxide from vegetative growth (NOAA 2018). Ocean acidification
creates a more hostile environment for most marine wildlife, reducing the population of local
fish, algae, etc. (Ireland 2015). As eutrophication rates increase worldwide, finding adequate
prevention strategies remains incredibly important for the preservation of aquatic ecosystems.
Creating a barren, compacted landscape increases the rate of surface runoff carrying
natural nutrients for vegetation growth and man-made chemicals for vegetation management,
thus increasing the rate of eutrophication and acidification. The immense water stress from site
preparation activities and vegetation management practices is of little concern to solar developers
as they aim to keep installation costs low, therefore understanding the full effects of developing a
utility scale solar site is of increasing importance. Figure 21 is a summary flow chart of the

above chain of events, created specifically for this study.
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Figure 21: Adverse Environmental Chain of Events, by Taylor Camp
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The collective restructuring of lands for utility scale solar use reduces the availability of
that land for nearly any other activity for the foreseeable future. Land use reversibility or
irreversibility can be calculated depending on the rate of ecosystem ‘bounce-back’ following the
decommissioning of a utility scale solar power plant. Some changes to landscape result in
irreversible damage and subsequent prevention for further uses. Though some changes can be
irreversible, others can be reversible on a very long timescale (Hernandez 2014). The land use
impacts associated with big solar are extremely concerning, however they are not the main point
of research currently in the solar industry. It is important to note that as technological
advancements for increased energy conversion efficiencies continue to prosper, focuses on land
use impacts are rather minimal as the desire for renewable energy systems overshadows the
associated negative environmental effects.

Another important ecosystem to consider when looking at downstream effects is The
North American Deserts. Due to the immense amount of incoming solar radiation alongside
relatively clear landscapes, deserts come across as the ideal place for a utility scale solar
installation. However, this is far from true. Deserts provide unique ecosystem services from that
of forests and grasslands. These services include, but are not limited to, resistance to
desertification, gene pool protection, erosion protection, and nutrient cycle management (Taylor
et al. 2017 & Monger 2009). Deserts also house unique plant species, necessary for the
preservation of the local ecosystem. As demand for solar increases, understanding the different
downstream effects based on the local ecosystems is of the utmost important. Preventing adverse
ecosystem stress should be a top priority for solar installers, if this energy resource is to remain

environmentally friendly as research continues.
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Land Use Efficiency

In order maximize use of land for energy resources, researchers calculate the land use
efficiency rates through a variety of techniques. For utility scale solar power plants, land use
efficiency is often calculated by dividing the expected production output of the site by the total
site acreage. Though this is the usual calculation strategy, studies vary depending on location and
time scale, therefore presenting the data in a few different ways will give a more adequate
understanding of the true land use efficiency of utility scale solar. By cross checking the energy
conversion efficiencies with installed MW capacity and land coverage, studies have calculated
average land use efficiency levels of around 35% for crystalline silicon PV (Hernandez,
Hoffacker, & Field 2014). As energy conversion efficiencies are rather the same for crystalline

silicon and perovskite PV, it can be assumed that land use efficiencies will be similar as well.

Discussion

As technological advancements for panels continue to inspire industry interests, the need
for research into adverse environmental impacts is necessary. To understand the impacts of
utility scale solar, regardless of the panel types used, this study analyzed the trickle down effects
of clearing lands for site installation in forest or grassland areas, with a special note on desert
ecosystems. It is important to note that as research prospers in this field, there has been very little
concern for adverse ecosystem stress that results from immense land cover change. For research
in the future, analyzing the effects on the utility scale is far more informative than analyzing on

the per panel basis, though technological advancements can increase industry prosperity.
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Human and Ecosystem Toxicity

During manufacturing processes, the emissions released vary depending on the facility
and the panel being produced. Crystalline silicon manufacturing requires a lot more energy than
perovskite manufacturing, however perovskite PV uses toxic lead materials within the panel.
Following manufacturing, the emissions from material transport, site preparation, maintenance,
installation, and decommissioning are all similar on the utility scale. Using emissions data, this
section offers an interesting comparison between trees and solar, following detailed analyses of

overall solar pollutant emissions and toxic material use.

Emissions
Toxic pollutants from solar life cycles can affect both human health and ecosystem
quality. Hazardous pollutants are produced during manufacturing, transportation, land cover
change, maintenance, and decommissioning services. The following bullets offer simplified
information about emissions at each stage of the solar life cycle.
e Manufacturing Pollutants: greenhouse gas emissions as well as toxic metal emissions are
released, causing harmful impacts to both humans and the surrounding environment
o Pollutants such as toxic gases and heavy metals are produced on a larger scale
during silicon material processing than that of perovskite
e Manufacturing Toxic Metal Use: use of lead in perovskite materials poses concern for
increased toxicity levels as factory and site workers can be exposed to the toxic metal
during manufacturing, maintenance, or decommissioning activities
e Transportation, Site Preparation, Installation, and Decommissioning: produce emissions

via the use of gas for vehicle transport, tractor use, hog use, etc.
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e Maintenance Activities: produces emissions via mowers primarily

o According to the EPA, a conventional lawn mower emits pollution primarily in
forms of volatile organic compounds (VOCs), nitrogen oxides (NOx), carbon
monoxide (CO), carbon dioxide (CO2), and various sizes of particulate matter
(PM) (Banks n.d., & Banks & McConnell 2015)

o EPA emission calculations suggest lawn mowers emit more air pollution than
most automobiles on the market today (Facts about the Environmental 2013)

o Mowers can cause great noise pollution within a certain area as well as ground
contamination from gasoline use (Fthenakis & Kim 2011)

These human and ecosystem increased toxicity levels from emissions are often overlooked as a

part of this renewable energy resource.

Use of Toxic Materials

Although lead is often unexpectable to the general public, researchers have shown that
the small quantities of lead in the panels is nearly insignificant. According to the EPA’s Safe
Drinking Water Act, the amount of lead tolerable and safe, per drinking water standards, is zero
(Basic Information 2019). However, unless workers actually consume the panel material, coming
in close contact with it is not necessarily unsafe. In other words, touching lead materials will not
cause a worker harm but if they accidentally ingest the material it is toxic. This is proven by the
amount of lead found naturally in soils, ranging from 10 to 50 mg/kg, meaning for every 1 kg of
soil there is between 10 and 50 mg of lead (Wander n.d.). If other man-made lead sources are
accounted for, there could be up to 10,000 mg/kg of lead in soils (Stehouwer 2010). Compare

this to the amount of lead in perovskite PV of < 1 g/m? in the absorber layer, meaning for every 1
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m? of cell material there is < 1 g of lead (Kadro & Hagfeldt 2017). If 19/100g = 10,000 mg/kg,
then it can be assumed, in the simplest of terms, that the amount of lead in the perovskite
structure would near double the amount of lead in local soil if, on the off chance it is released

through panel breakage.

Trees vs Solar

In 2016, it was estimated that a single tree can sequester ~400 pounds (Ibs) of CO2 in
roughly 25 years time (Schildgen 2016). Divide 400 by 25 to get the estimated sequestration
amount in 1 year to find that on average, one tree can sequester ~16 Ibs (0.008 tons) of CO; from
the atmosphere in a single year.
If an average forest houses ~100 trees/acre (Forest Inventory n.d.),

then 0.008 tons CO-» x 100 trees = ~ 0.8 tons CO»
1 tree 1 acre acre

In 2018, the EPA estimated that ‘0.85 metric tons of CO; are sequestered annually by one acre of
average U.S. forest (Greenhouse Gases Equivalencies 2018).” Compare this number to the
annual average reduction in CO. emissions from using a renewable energy resource, such as
solar.

In 2019, it was estimated that choosing a renewable energy resource can counteract
~5,000 1bs of coal each year (Matasci 2019). According to the EIA, 1 short ton (2,000 Ibs) of
coal will generate ~5,720 Ibs of CO, (Hong & Slatick 1994). If this estimate is true, then so is the
following calculation.

5,000 Ibs coal x 5,720 Ibs CO, = 14,300 Ibs CO> x 0.0005 ton = 7.15 tons CO»
1 year 2,000 Ibs coal year 11b year
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In other words, choosing a renewable energy resource such as solar means ~ 7 tons of CO will
be kept out of the atmosphere from coal-fired energy production every year. Though this number
is accurate, it is also extremely idealistic and has many limitations, however it can still be
assumed that installing solar panels would keep more CO out of the atmosphere than an entire
acre of forest can sequester in one year. In order to install utility scale solar, acres of trees must

be cleared. Is it worth the environmental cost?

Discussion

The very low energy demands required during manufacturing of perovskite PV, when
compared to crystalline silicon, offer relief in the emission of fossil fuel resources, if the
manufacturing facility does not run on renewables. However, the use of toxic metals in
perovskite materials raises concerns for implementation on the utility scale. Even though the
amount of lead in the perovskite material is extremely small, the public awareness, or fear, of
lead in any amount can stall research and implementation. Although there are emissions released
during the lifetime of solar, they are heavily outweighed by the emissions that are potentially
saved from reducing fossil fuel energy production, estimated at ~7 tons of CO. per year,

compared to the 50 to 100 g CO2-eq./kWh produced from solar.

Discussion

With solar installed capacity continuing to rise each day, the need for an adequate
understanding of the associated environmental impacts has never been more important. Although
new advancements in PV manufacturing have created a more cost effective, fast paced

production method, it hardly addresses the key issues of utility scale solar. As site installation
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preparation activities stay the same, extreme downstream environmental effects come as a result.
Some researchers have been testing different management practices as they hope to reduce these
environmental effects, such as sheep grazing for vegetation management. While others, as this
impact assessment points out, have focused on developing ‘better’ PV technology.

Even though the low energy demands during manufacturing and potential for great
upscaling result in positive innovations, the use of lead within the perovskite materials along
with the current short panel lifetimes raise questions on whether printing techniques are worth
the potential savings. If manufacturing facilities run off of solar panels themselves, then do large
energy demands for crystalline silicon matter as much as toxic metal use or short life times?
Though these innovations are interesting and revolutionary, they do not address the true land use

impact of big solar.
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Interpretation

Using the data collected and calculated in the impact categories above, the following

table was created as an overview of the fundamental differences between crystalline silicon and

perovskite PV to formulate a future panel installation recommendation.

Table 2: Crystalline Silicon Perovskite Comparison Table

implementation)

Cell Type | Average Cell Energy | Energy Life Expectancy | Average Global
Embodied | Conversion | Payback Warming
Energy Efficiency | Time (EPBT) Potential
Range Range (GWP)
Crystalline | ~451 kWh | 22t027 % | 2to 6 years |~ 30 years ~ 49 g CO2-€q.
Silicon PV m? kWh
Perovskite | ~118 kWh | 20t026 % | 0.22to 2 ~ 5 years (need ~ 100 g CO,-€q.
PV m? years 10 years for kWh

From this table and previous impact category assessment, the following can be determined.

1. High energy requirements for crystalline silicon manufacturing result in increased EPBTS

2. Current low life expectancy of perovskite PV increases GWPs

In order to make adequate panel recommendations these two dependent factors need to

be considered through the lens of adaptive manufacturing techniques. As the energy

requirements for manufacturing crystalline silicon PV have gone down over the past years, to

less than 100 kWh/m? according to Kim et al. (2014), it is assumed that the EPBT has gone down

as well. This results in an EPBT of ~2 years, which is close to the EPBT of perovskite, creating a

near equal EPBT for both panel types. If this is correct, then the longer life expectancy alongside

decreased GWP makes crystalline silicon the ideal PV material for commercialization.
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On the other hand, as research continues to strive for longer life expectancies of
perovskite PV, GWPs are expected to decrease. If this is to be assumed true, perovskite become
a new ideal for the solar industry through the potential to print cells. However, until these life
expectancies reach at least 10 years, implementing perovskite on any scale will be difficult. Once
the ideal lifetimes are achieved, the printing capabilities associated with perovskites may
completely dominate the solar market as the desire for renewable energy implementation
continues worldwide. With installations continuing to rise, the manufacturing advancements
become the center of most PV research. As a result, the land use impacts of big solar are often
ignored.

As discussed in detail in the impact category section, the trickle down effects of altering
landscapes for utility scale solar create new ecosystem stressors. Though some ecologists have
studied these effects in a variety of ecosystems, there is often a disconnect between ecology
research and engineering research, as engineers continue to focus on manufacturing
advancements. While conducting this LCA, a lack of ecosystem framework was noticed. Though
this is an international standard, concern for environmental or ecological impacts are in
engineering terms, i.e. inputs and outputs, whereas ecologists often focus on downstream effects.
This might be expected considering LCAs are more steered towards engineers, but as we strive
for change towards a sustainable future, standards such as this must change along with it. LCAs
in the future should include specific biodiversity and ecosystem services impacts, as they change
alongside landscape alterations.

Though these effects are often overlooked by engineers, ecologists and philosophers have
taken great interest in this research. As presented by Sovacool & Dworkin (2015), energy justice

is an ethical perspective creating a framework for which energy systems should follow. These
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authors describe the eight fundamental influencers for energy decision making; availability,
affordability, due process, good governance, sustainability, intergenerational equity,
intragenerational equity, and responsibility (Sovacool & Dworkin 2015). In accordance with the
findings of this study, the sustainability aspect of energy justice is in jeopardy with utility scale
solar installations. If land cover change results in irreversible damage from ecosystem stress,
then solar fields may not be sustainable. This not only effects the current generation, but
generations to come as they deal with landscape destruction from solar implementation.

As global solar installed capacity continues to rise, a need for an adequate understanding
of the adverse ecological effects associated with big solar is necessary. For solar to continue to
thrive as a clean energy source, alternatives to land clearing and soil compacting need to be
considered. Sheep grazing is a promising management practice as it allows the solar installer to
keep vegetation without fear of overgrowth shading the panels and decreasing energy
production. Though there are other alternatives out there, such as low light or low growing crop
integration, sheep grazing allows the installer to keep native plant species as they are, reducing
local biodiversity impacts. Innovative, sustainable practices such as this should be the focus of

solar research in the future, as lands continue to be developed for large scale installations.
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Appendix I
Energy Requirements for Crystalline Silicon PV Production (Embodied Energy)

Note, | converted all energy calculations to kWh / m? for comparison purposes.

Alsema & Nieuwlaar (2000) calculated energy requirements for modules production on a step by
step basis, the results are as follows.
e Estimated energy requirements for Siemens Process:
2200 MJ X 0.277778 kWh =~611 kWh
1 m? module material 1 MJ 1 m?
e Estimated energy requirements for the Czochralski Method:
1000 MJ x 0.277778 kWh =~ 278 kWh
1 m? 1 MJ 1 m?
e Estimated energy requirements for further module production:
1000 MJ x 0.277778 kWh =~ 278 kWh
1m? 1 MJ 1 m?
e Estimated energy requirements for aluminum frame:
400 MJ x 0.277778 kWh =~111 kWh
1m? 1MJ 1 m?2
e Total estimated embodied energy for crystalline silicon module manufacturing:
611 kWh + 278 kWh + 278 kWh + 111 kWh = 1278 KWh
1 m? 1 m? 1 m? 1 m? 1 m?

The National Renewable Energy Laboratory (NREL) conducted their own LCA of photovoltaics,
resulting in information regarding embodied energy and EPBT. The results are as follows.
e Total embodied energy of crystalline silicon PV ranges from,
420 kWh to 600 kWh
1m? 1m?
e From PV FAQS (2004)

Nawaz & Tiwari (2006) calculated the energy requirements for crystalline silicon PV as well, the
results as follows:
e Estimated silicon material required for module production (this ratio is used for
further calculations):
0.724 Kkg silicon
1 m? PV module
e Estimated energy requirements for smelting to MG silicon:
20 kWh x 0.724 kg Si = 14.48 KWh
1 kg MG-Si 1m? 1 m?
e Estimated energy requirements for modified Siemens Process:
100 kWh x 0.724kgSi = 72.4 kWh
1 kg silicon 1 m? 1 m?
e Estimated energy requirements for Czochralski Method:
290 KWh x 0.724 kg Si = 209.96 kWh
1 kg silicon 1 m? 1 m?
e Estimated energy requirements for further manufacturing processes:
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190 kWh
1 m? module material
e Total estimated embodied energy for crystalline silicon module manufacturing:
14.48 KWh + 72.4 kWh + 209.96 kWh + 190 kWh = 486.84 KWh
1m? 1 m? 1 m? 1m? 1m?

Mann et al. (2013) contacted solar cell manufacturers to gather information on the embodied
energy at each stage of the crystalline silicon PV production process, the results are as follows:
e Estimated energy requirements for modified Siemens Process:
545MJp x 0.277778 kWh = 151.389 kWh x 0.724 kg Si = 152.113 kWh
1 kg silicon 1MJ 1 kg Si 1m? 1m?
e Estimated energy requirements for Czochralski Method:
85.6 kWh x 0.724 kg Si = 61.974 kWh
1 kg silicon 1 m? 1 m?
e Estimated energy requirements for manufacturing of complete solar module (including
wafering, cell processing, and module encapsulation):
Wafering:

51.4 KWh
1 m? selected material
Cell processing:

44.5 MJp X 0.277778 KWh = 12.36 KWh
1 m? selected material 1MJ 1 m? selected material
Encapsulation:
66.7 MJp X 0.277778 KWh = 18.5278 kWh
1 m? selected material 1 MJ 1 m? selected material

Total for this section:
514kWh + 12.36 kWh + 18.5278 kWh = 82.2878 kWh
1m? 1m? 1 m? 1 m?
e Total estimate embodied energy for crystalline silicon PV manufacturing:
152.113 kWh + 61.974 kWh + 82.2878 kWh = 296.3748 kWh
1m? 1m? 1m? 1 m?

Diaz, A. C. & Batalle, J. A. (2013-2014) calculated embodied energy using data from previously
conducted LCAs. This article provides a range for energy requirements at each stage of
production, the results are as follows.
e Estimated energy requirements for the Siemens Process:
728 to 2397 MJ / m? (convert each to kWh for comparison of range)
728 MJ x 0.277778 kWh = 202.2 kWh

1 m? 1MJ 1 m?
2397 MJ x 0.277778 kWh = 665.8 kWh
1 m? 1MJ 1 m?

NEW range: 202 to 666 kWh / m?
e Estimated energy requirements for the Czochralski Method:
432 to 2391 MJ / m? (convert)
432 MJ x 0.277778 kWh = 120 kWh
1m? 1 MJ 1m?
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2391 MJ x 0.277778 kWh = 664.2 kWh
1m? 1 MJ 1 m?2
NEW range: 120 to 664 kWh / m?
e Estimated energy requirements for further module production:
684 to 1623 MJ / m? (convert)
684 MJ x 0.277778 kWh = 190 kWh

1 m? 1MJ 1 m?
1623 MJ x 0.277778 kWh = 450.8 kWh
1 m? 1MJ 1 m?

NEW range: 190 to 451 kWh / m?
e Estimated energy requirements for the aluminum frame:
236 MJ x 0.277778 kWh = 65.6 kWh
1 m? 1 MJ 1 m?
e Total range estimated embodied energy for crystalline silicon PV manufacturing:
202.2 kWh + 120 kWh + 190 kWh + 65.6 kWh = 577.8 kWh

1 m? 1 m? 1 m? 1 m? 1 m?
665.8 kWh + 664.2 kWh + 450.8 KWh + 65.6 kWh = 1846.4 kWh
1 m? 1 m? 1 m? 1 m? 1 m?
577.8 kWh to 1846.4 kWh
1m? 1m?

Kim et al. (2014) calculated a range of energy requirements for the production of crystalline
silicon PV modules.
e Total energy required for manufacturing ranges from, 123.1 MJ to 518.4 MJ
1 kg Si 1 kg Si

e Convert to kWh / m?

123.1 MJ x 0.724 kg Si x 0.277778 kWh = 24.76 kWh
1 kg Si 1m? 1MJ 1 m?
518.4MJ x 0.724 kg Si x 0.277778 kWh = 104.26 kWh
1 kg Si 1m? 1MJ 1 m?

e Total range estimated embodied energy for crystalline silicon PV manufacturing:
24.76 KWh to 104.26 kWh
1m? 1 m?

As you can see, over the years, the energy requirements for crystalline silicon PV production
have decreased drastically. These changes result following technological innovations in
manufacturing, material processing, and so on. Table 4 on the following page is from the impact
category sections.
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Table 5: Energy Requirements for Crystalline Silicon PV Manufacturing (Embodied Energy)

Source Carbon Siemens Czochralski | Further Metal Total
Smelting | Process Method Manufacture | Frame
Methods

Alsema & ~611 KWh | ~ 278 kWh | ~ 278 kWh ~111 KWh | ~1278 kWh
Nieuwlaar 1 m? 1m? 1 m? 1 m? 1 m?
(2000)
NREL’s ~ 420 KWh
PV FAQS 1 m?
(2004) to

~ 600 KWh

1 m?

Nawaz & | ~15kWh |~72KkWh | ~210 kWh |~ 190 kWh ~ 487 KWh
Tiwari 1m? 1m? 1m? 1m? 1m?
(2006)
Mann et ~152 KWh | ~ 62 KWh ~ 82 kWh ~ 296 KWh
al. (2013) 1 m? 1 m? 1 m? 1m?
Diaz & ~202 KWh | ~120 kWh | ~ 190 kWh ~66 kWh | ~578 kWh
Batalle 1 m? 1 m? 1 m? 1 m? 1 m?
(2013- to to to to
2014) ~666 KWh | ~664 kWh | ~ 451 kWh ~1846 kWh
RANGE 1m? 1m? 1m? 1m?
Kim et al. ~ 25 kWh
(2014) 1m?

to

~ 104 KWh

1 m?

To find an average embodied energy value, | eliminated the outliers from the following sources;
Alsema & Nieuwlaar (2000), Diaz & Batalle (2013 — 2014), and Kim et al. (2014). This left me
with information from four sources, NREL’s PV FAQS (2004), Nawaz & Tiwari (2006), and

Mann et al. (2013). My calculation is as follows

420 kWh + 600 kWh + 487 kWh + 296 kWh = 1803 kWh

1 m?

1 m?

1 m?

1 m?

1 m?

1803 kWh / 1 m? = 450.75 kWh average embodied energy for crystalline silicon PV

4

1 m?
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Appendix 11
Energy Requirements for Perovskite PV Production (Embodied Energy)

Note, | converted all energy calculations to kWh / m? for comparison purposes.

Celik et al. (2016) used a similar research and comparative analysis as this study to compile data
on the life cycle impacts associated with perovskite solar cells. The results are as follows.
e Solution processed perovskite cells had a total average energy requirement of,
665 MJ x 0.277778 kWh =184.72 KWh
1m? 1MJ 1 m?2
e The authors also found a range of energy requirements within the Ecolnvent database.
59 MJ to 484 MJ
1m? 1m?
e Convert the range
59 MJ x0.277778 kWh =16.39 kWh

1 m? 1 MJ 1 m?
484 MJ x0.277778 KWh = 134.44 kWh
1 m? 1 MJ 1 m?

e New range:
16.4 KWh to 134.4 KWh
1m? 1m?

Ibn-Mohammed et al. (2017) assessed the embodied energy associated with perovskite solar cells
through two different manufacturing methods, vapor deposition and spin coating, and the
different raw materials for each. The results are as follows.
e Estimated energy requirements for vapor deposited perovskite PV:
o Energy previously embedded in materials:
1.9MJ x 0.277778 kWh =97.2 kWh
1m?> 1M 1m?
o Vapor deposition energy requirements (including ultrasonic cleaning, screen
printing, etc.):
220.47 MJ x 0.277778 kWh =61.242 kWh
1 m? 1 MJ 1 m?
o Perovskite layer vapor deposition energy requirements account for 4.34
kWh of this 61.2 kWh
o Total energy required for vapor deposited perovskite PV:
570.37 MJ x 0.277778 kWh = 158.44 KWh
1m? 1MJ 1m?
e Estimated energy requirements for spin coated perovskite PV:
o Energy previously embedded in materials:
237.76) x 0.277778 kWh = 66.04 KWh
1 m? 1 MJ 1 m?
o Spin coating deposition energy requirements:
98.81 MJ x 0.277778 kWh = 27.45 KWh
1m? 1 MJ 1m?
o ETL deposition energy requirements account for 3.31 kWh of 27.5 kwh
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336.56 MJ x 0.277778 KWh = 93.49 kWh

Semiconductor layer deposition energy requirements account for 1.64
kWh of 27.5 kWh
HTL and perovskite layer deposition energy requirements account for 0.8
kWh of 27.5 kWh
o Total energy required for spin coated perovskite PV:

1 m?

1MJ

1m?

e According to this source, depending on the manufacturing process selected, embodied

energy for perovskite PV can range from: 93.5 kWh to 158.4 kWh

1 m?

Table 7: Energy Requirements for Perovskite PV Manufacturing (Embodied Energy)

Source Manufacturing | Material Deposition Total
Process Embodied Energy Embodied
Analyzed Energy Requirements Energy
Celik et al. Solution - - ~ 184.72 KWh
(2016) Processing 1 m?
Celik et al. Solution - - ~16.4 KWh
(2016) RANGE | Processing 1 m?
from Ecolnvent to
Database ~134.4 KWh
1 m?
Ibn-Mohammed | Vapor 97.2 KWh 61.24 kWh ~ 158.4 kWh
et al. (2017) Deposition 1 m? 1 m? 1 m?
Ibn-Mohammed | Spin Coating 66.04 kKWh 27.45 kKWh ~93.5 kWh
etal. (2017) 1 m? 1 m? 1m?

From these values, I calculated the average embodied energy of perovskite PV. The results are as

follows.

184.72 kWh + 16.4 kWh + 134.4 KWh + 158.4 kWh + 93.5 kWh = 587.42 kWh

1 m?

1 m?

1 m?

587.42 KWh/m? = 117.5 kWh

5

1 m?

1 m?

1 m?

1 m?
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Appendix 11
Energy Requirements for Utility Scale (and Rooftop) Solar Production (Embodied Energy)

Note, | converted all energy calculations to kWh / m? for comparison purposes.

Nawaz & Tiwari (2006) estimated the embodied energy for each type of solar installation, the
results are as follows.
e Estimated energy requirements for BOS components for “open field installation” / utility
scale solar:
500 kWh
1 m? PV modules
e Estimated energy requirements for BOS components for rooftop solar installations:
200 kWh
1 m? PV modules
e Decrease is primarily due to a rooftop solars decreased need for many support structures,
etc.

Mason, Fthenakis, & Kim (2005) estimated that all BOS components for a utility scale solar site
have an average embodied energy value of,
542 MJ x 0.277778 kWh = 150.56 kWh
1 m? 1MJ 1m?

Zhou & Carbajales-Dale (2018) estimates that BOS components have an embodied energy range.
This range is as follows.
e Low value:
37 KWh
1m?
e High value:
206 kKWh
1m?

Using three of the four values provided above that are associated with utility scale solar, |
calculated an average for utility scale embodied energy.

151 kWh + 37 kWh + 206 kWh = 394 kWh
1 m? 1 m? 1 m? 1 m?

394 KWh/m? = ~ 131 kWh / m?
3

Due to the uncertainty associated with this calculation, the number will not be used for further
analysis.
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Appendix IV
Energy Payback Times (EPBT) of Crystalline Silicon and Perovskite PV

According to Nawaz & Tiwari (2006) and Bhandari et al. (2015), as well as most other studies,
the EPBT is calculated using the following formula.

EPBT = Embedded energy
Energy output of system

In the previous Appendix | and I, | calculated the average embodied energy values for both
crystalline silicon and perovskite PV. The results are as follows
Embedded energy:

- Crystalline silicon: ~ 451 kWh/m?

- Perovskite: ~ 118 kWh/m?

The energy output of the system is dependent on a variety of things.
Nawaz & Tiwari (2006) used the following formula to calculate the energy output Eout) of a PV
system.

Eut = insolation (kWh/m?/year) x solar cell efficiency x packing factor x BOS efficiencies
Nawaz & Tiwari (2006) calculated an average insolation value of 3.95 kWh/m?/year

For insolation averages, refer to the NREL-produced Map 1 on the following page. This map
depicts the average ‘Global Horizontal Solar Irradiance,’ at locations throughout the United
States, using data from 1998 to 2016. For the purpose of this study, we will look at the following
four insolation values as they provide differing perspectives to the growing energy issues.

< 4.00 kWh/m?/day, or 3.95 kWh/m?/day from Nawaz & Tiwari (2006), for the purpose of this
study
- This represents the northern region of the U.S., including Maine, New Hampshire,
Vermont, New York, Pennsylvania, Michigan, Wisconsin, Minnesota, North Dakota,
Montana, and Washington. Please see Map 1.
- Convert to per year for annual energy output
3.95 kWh x 365 days / year = 1441.75 kWh
1m? 1m?
1 day 1 year
NEW value: 1442 kWh/m?/year
Let’s call this low annual insolation areas

450 to 4.75 kwh/m?/day, or 4.75 kwWh/m?/day, for the purpose of this study
- This represents the middle (horizontal) region of the U.S., spanning from North Carolina
to Northern California/Southern Oregon. This includes, North Carolina, Arkansas, the
northern halves of Georgia, Alabama, and Mississippi, as well as large portions of
Kansas, Nebraska, ldaho, Wyoming, Oregon, and California. See Map 1.
- Convert to per year for annual energy output
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4.75 KWh x 365 days / year = 1733.75 kWh
1m? Am?
1 day 1 year
NEW value: 1734 kWh/m?/year
Let’s call this medium to low annual insolation areas

5.0 to 5.50 kWh/m?/day, or 5.25 kWh/m?/day, for the purpose of this study

- This represents most of Florida, half of Texas, and large portions of Oklahoma, Colorado,

Utah, Nevada, and California. See Map 1.
- Convert to per year for annual energy output
5.25 kWh x 365 days / year = 1916.25 kWh
1m? 1m?
1 day 1 year
NEW value: 1916 kWh/m?/year
Let’s call this medium to high annual insolation areas

> 5.75 kwWh/m?/day, or 6 KWh/m?/day, for the purpose of this study
- This represents the southern-most portions of the western U.S., including the southern
halves of New Mexico, Arizona, and California, as well as the southwest portion of
Texas. See Map 1.
- Convert to per year for annual energy output
6 KWh x 365 days / year = 2190 kWh
1m? 1m?
1 day 1 year
NEW value: 2190 kwWh/m?/year
Let’s call this high annual insolation areas

Therefore, the four insolation values selected for this study are,
1442 kWh/m?/year — low annual insolation

1734 kWh/m?/year — medium to low annual insolation
1916 kWh/m?/year — medium to high annual insolation
2190 kWh/m?/year — high annual insolation

el N =

Map 1 (on the following page): “Global Horizontal Solar Irradiance,” from Solar Maps, by
NREL
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Packing Factor (ratio)

Eut = insolation (kWh/m?/year) x solar cell efficiency x packing factor x BOS efficiencies

The insolation values chosen for this study are,
- 1442 kWh/m?/year — low annual insolation
- 1734 kWh/m?/year — medium to low annual insolation
- 1916 kWh/m?/year — medium to high annual insolation
- 2190 kWh/m?/year — high annual insolation
- To get a well-rounded understanding of the impacts of location on EPBT.

Solar Cell Efficiency Values were found as well.
- Crystalline Silicon:
o According to the DOE, crystalline silicon PV energy conversion efficiencies
range from 18% to 22%, therefore an average efficiency for this module is ~ 20%
o However, researchers have found that this average increased to ~ 27% in 2019 (A
decade of perovskite 2019)
o With this new information, the energy conversion average would fall just below
24% (~23.5%)
o For the purpose of this study, a value of 24% is used.
- Perovskite:
o Incredibly dependent on the material selected for production.
o The following conversion efficiencies were collected from ‘A decade of
perovskite (2019)°
o Perovskite/silicon solar cells have reached ~28%
o Lead-halide perovskites were ~ 4% in 2009, but have grown to ~ 24%
o For the purpose of this study, a value of 24% is used

Packing Factor:
- Nawaz & Tiwari (2006) define the packing factor as the “ratio of the area occupied by
PV cells in a module to the actual area of the same module i.e.:
Packing factor (PF) = Area of PV cells in a module
Actual area of module”

Packing Factor Versus Tilt - Stafford, Robichaud, & Mosey (2011) define the
6 Hours of No Shade as a Function of Module packing factor as “the ratio of the row spacing
Tilt for Latitude 41.7 Degrees on December 22 divided by the row-to-row spacing.” This article
1.20 produced Figure 22 to illustrate packing factor as a
1.00 function of the tilt of the PV module.
0.80 . - Assuming this figure is accurate, the value chosen
' by Nawaz & Tiwari (2006) of 0.30 packing factor
0.60 7 which coincides with ~ 35° tilt.
0.40 - -From Marsh 2018, it is discovered that the degree of
0.20 tilt coincides with the location of the solar site, i.e.
0.00 I the general rule of thumb is cloudier locations have

Figure 22: “Packing Factor Estimate Versus Tilt, from

0

increased tilts to maximize the amount of energy
production during peak sunlight hours, whereas
Tilt (degrees) sunnier locations have decreased tilts to maximize
energy production throughout the entire day.

10 20 30 40 50 60 70 80 90

Feasibility Study of Economics and Performance of
Solar Photovoltaic at Massachusetts Military

Reservation, by Stafford, Robichaud, & Mosey 2011.
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- From Marsh 2018, it is discovered that the average panel tilt is ~38°, however it is
dependent on the location of the solar site.

- For the purpose of this study, the values given by Marsh 2018 for solar panel tilt vs
location are evaluated and applied towards their respective insolation values

- The locations and values from Marsh 2018 are placed into the following table next to
their respective isolation value, based on the NREL Map 1 (note: the map is in

kWh/m?/day)

Table 11: Insolation Value vs Panel Tilt

Insolation Value City, State Optimal Solar Panel Tilt
1442 KWh/m?/year Boston, MA 42°

1442 KWh/m?/year Buffalo, NY 43°

1442 KWh/m?/year New York, New York 41°

1442 KWh/m?/year Newark, NJ 41°

1442 KWh/m?/year Portland, OR 46°

1442 KWh/m?/year Washington D.C. 39°

New Value Average: 42°
1734 KWh/m?/year Austin, TX 30°

1734 KWh/m?/year Charlotte, NC 35°

1734 KWh/m?/year Denver, CO 40°

1734 KWh/m?/year Raleigh, NC 36°

1734 KWh/m?/year San Francisco, CA 38°

New Value Average: 36°
1916 kWh/m?/year Alburquerque, MN 35°

1916 kWh/m?/year Los Angeles, CA 34°

1916 kWh/m?/year San Diego, CA 33°

New Value Average: 34°
2190 kWh/m?/year Phoenix, AZ 33° (average)

- Use the averages from each insolation value selected to find the average packing factor in

figure 23 on the previous page
- The pairing results are as follows,

o

o

©)

1442 kWh/m?/year & 0.23 packing factor
= Low annual insolation
1734 kwh/m?/year & 0.29 packing factor
=  Medium-low annual insolation
1916 kWh/m?/year & 0.31 packing factor
= Medium-high annual insolation
2190 kWh/m?/year & 0.32 packing factor
= High annual insolation
This assumes a 35° tilt coincides with 0.30 packing factor for calculation

Eut = insolation (kWh/m?/year) x solar cell efficiency x packing factor x BOS efficiencies

BOS component efficiencies:
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- Nawaz & Tiwari (2006) suggest that BOS components have an average energy
conversion efficiency of 80%

- Mason, Fthenakis, Hansen, & Kim (2005) suggest the efficiencies of these support
structures can be as high as 99%

- For the purpose of this study, an average BOS efficiency level of 90% is assumed

With that, we can begin our energy output calculation based on four different locations.

Eut = insolation (kWh/m?/year) x solar cell efficiency x packing factor x BOS efficiencies
o 1442 kWh/m?/year & 0.23 packing factor
= Low annual insolation areas
o 1734 kWh/m?/year & 0.29 packing factor
= Medium-low annual insolation areas
o 1916 kwh/m?/year & 0.31 packing factor
= Medium-high annual insolation areas
o 2190 kwh/m?/year & 0.32 packing factor
= High annual insolation areas
o Crystalline silicon and perovskite PV have calculated average energy
conversion efficiency levels of 24%, so same values regardless of panel
(complete EPBT calculation will be different based on different embodied
energy values)
o BOS components have a calculated average efficiency level of 90%
o The values are placed in the table below and multiplied together to calculate the
total energy output of the panels at various insolation locations

Table 12: Total Energy Output vs Insolation

Insolation (kWh/m?/year) Packing | Solar Cell | BOS Total Energy
Factor | Efficiency | Efficiency | Output
(KWh/m?/year)
1442 KWh/m?/year (low) 0.23 0.24 0.90 ~ 72 KWh/m?/year
1734 kWh/m?/year (medium-low) | 0.29 0.24 0.90 ~109 kKWh/m?/year
1916 KWh/m?/year (medium-high) | 0.31 0.24 0.90 ~128 kWh/m?/year
2190 kWh/m?/year (high) 0.32 0.24 0.90 ~151 kWh/m?/year

Finally, we can use these values to calculate an EPBT range in years for each panel type
(depending on location, i.e. insolation values)

EPBT = Embedded energy
Energy output of system

Embedded energy:
- Crystalline silicon: ~ 451 kWh/m?
- Perovskite: ~ 118 kWh/m?

Each panel’s EPBT range is calculated on the following page.
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Table 13: CRYSTALLINE SILICON EPBTSs

Insolation Calculation EPBT

Low 451 KWh/m? ~ 6 years
72 KWh/m?/year

Medium-low 451 KWh/m? ~ 4 years
109 KWh/m?/year

Medium-high 451 KWh/m? ~ 3.5 years
128 KWh/m?/year

High 451 KWh/m? ~ 3 years
151 KWh/m?/year

From this table, it can be assumed that the EPBT of crystalline silicon PV can range anywhere
between 3 and 6 years, aligning with previous calculations from other researchers, however there
are some studies suggesting the EPBT of crystalline silicon can be as low as 2 years (Gerbinet,
Belboom, & Leonard 2014 & Bhandari et al. 2015). Therefore, the EPBT for crystalline silicon
PV ranges from 2 to 6 years depending on the processes used for manufacturing, etc. The EPBT
is extremely location dependent as the energy output of the system strives off of incoming
sunlight.

Table 14: PEROVSKITE EPBTSs

Insolation Calculation EPBT

Low 118 KWh/m? ~ 2 years
72 KWh/m?/year

Medium-low 118 kWh/m? ~ 1 year
109 KWh/m?/year

Medium-high 118 KWh/m? ~ 0.9 year
128 KWh/m?/year

High 118 KWh/m? ~ 0.8 year
151 kWh/m?/year

The last two results for perovskite EPBT can be excluded for further analysis. Using data from
outside sources, EPBTSs of perovskite PV systems can be as low as 0.22 years (Gong, Darling, &
You 2015, Kim et al. 2016, & Celik, et al. 2016). Therefore, it can be assumed that the EPBT of
perovskite PV can range anywhere between 0.22 years and 2 years, aligning with previous
calculations from other researchers. As stated previously, the EPBT is extremely location
dependent due to variations in incoming sunlight.
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Appendix V:
Average Global Warming Potentials of Crystalline Silicon and Perovskite PV

Table 9: Global Warming Potential of Crystalline Silicon PV

Source

Global Warming Potential (g CO2-eq. / kWh)

Fthenakis, Kim, & Alsema (2007)

~ 30 to 45 g CO2-eq. / kWh

Hsu, et al. (2012)

~ 57 g CO2-eq. / kWh

Gerbinet, Belboom, & Leonard (2014)

~39 0 100 g COz-eq. / KWh

Gong, Darling, & You (2015)

~ 40 g CO2-eq. / KWh

Leccisi, Raugei, & Fthenakis (2016)

~ 30 g CO2-eq. / KWh

To figure out the average GWP of crystalline silicon PV, 1 used the following calculation.

30 g CO2-eq./kWh + 45 g CO»-eq./kWh + 57 g CO2-eq./kWh + 39 g CO-eq./kWh + 100 g CO>-
eq./kWh + 40 g CO,-eq./kWh + 30 g CO2-eq./kWh = 341 g CO»-eq.

341 g CO»-eq./kWh = 48.7 g CO»-eq.
7 kWh

kWh

Table 10: Global Warming Potential of Perovskite PV

Source

Global Warming Potential (g CO2-eq. / kWh)

Garcia-Valverde, Cherni, & Urbina (2010)

~55t0 110 g CO2-eq. / kWh

Espinosa, et al. (2015)

~ 350 g COz-eq. / KWh

Gong, Darling, & You (2015)

~ 60 to 100 g CO2-eq. / kWh

Celik, et al. (2016)

~ 99 to 147 g COz-eq. / KWh

Ibn-Mohammed, et al. (2017)

~90 to 160 g COz-eq. / KWh
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To calculate the average global warming potential (GWP) for perovskite solar cells, I removed
the outlier from Espinosa et al. (2015) first. Then, I added the low value points together and the
high value points together and solved for the average. The calculation and results are as follows.
e Low value of range
55 g CO2-eq. + 60 g CO2-eq. + 99 g CO2-eq. + 90 g CO2-eqg. = 304 g CO,-€q.

kWh kWh kWh kWh kWh
304 g CO»-eq. / kWh =76 g CO»-eq.
4 kWh

« High value of range
110 g CO2-eq. + 100 g CO2-eq. + 147 g CO2-eq. + 160 g CO»-eg. = 517 g CO»-€q.

kWh kWh kWh kWh kWh
517 g CO»-eq. / kWh = 129.25 g CO»-eq.
4 kWh

e Average GWP range for perovskite PV:
76 g CO»-eq. to 129 g CO,-eq.
kWh kWh
e To get a single average GWP value, | calculated the following,
76 g CO2-eq. + 129 g CO2-eq. = 205 g CO2-€q.

kWh kWh kWh
205 g CO»-eq. / kWh =102.5 g CO»-eq.
2 kWh
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Appendix VI:
Ecosystem Services
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Using the EPA-produce map of North American Ecosystems below, | separated states into the
following tables depending on insolation values determined previously from the NREL MAP.
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Table 15: Low insolation value state areas (~ 3.95 kWh/m?/day, or ~ 1442 kWh/m?/year)

State Ecological Region 1 Ecological Region 2 Ecological Region 3
Maine Northern Forests Eastern Temperate Forests

New Northern Forests Eastern Temperate Forest

Hampshire

Vermont Northern Forests Eastern Temperate Forest

New York Northern Forests Eastern Temperate Forest

Pennsylvania

Northern Forests

Eastern Temperate Forest

Mountain

Michigan Northern Forests Eastern Temperate Forest

Wisconsin Northern Forests Eastern Temperate Forest

Minnesota Northern Forests Eastern Temperate Forest Great Plains
North Dakota Great Plains

Montana Great Plains Northwestern Forested

Northern ldaho

Northwestern Forested
Mountains

Washington

Northwestern Forested
Mountains

North American Deserts

Marine West Coast
Forest

According to this table, low insolation areas are predominately associated with forested areas,
including Northern Forests, Eastern Temperate Forests, and Northwestern Forested Mountains

primarily.

Table 16: Medium-low insolation value state areas (~ 4.75 kwWh/m?/day, or ~ 1734 kWh/m?/year)

State

Ecological Region 1

Ecological Region 2

Ecological Region 3

North Carolina

Eastern Temperate Forests

Arkansas

Eastern Temperate Forests

Northern Georgia

Eastern Temperate Forests

Northern Alabama

Eastern Temperate Forests

Northern Eastern Temperate Forests
Mississippi
Kansas Great Plains
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Nebraska

Great Plains

Wyoming

Great Plains

Northwestern Forested
Mountains

North American
Deserts

Southern Idaho

North American Deserts

Northwestern Forested
Mountains

Southern Oregon

North American Deserts

Northwestern Forested
Mountains

Marine West Coast
Forest

Northern Colorado

North American Deserts

Northwestern Forested
Mountains

Great Plains

Northern Utah

North American Deserts

Northwestern Forested
Mountains

Northern Nevada

North American Deserts

Northern
California

Northwestern Forested
Mountains

Marine West Coast Forests

According to this table, medium-low insolation areas are dominated nearly equally by both
forests and deserts, including Eastern Temperate Forests and Northwestern Forested Mountains
primarily, as well as the North American Deserts.

Table 17: Medium-high insolation value state areas (~5.25 kWh/m?/day, or ~1916 kWh/m?/year)

State Ecological Region 1 Ecological Region 2 Ecological Region 3
Florida Eastern Temperate Forests Tropical Wet Forests

Eastern Texas Eastern Temperate Forests Great Plains

Oklahoma Great Plains

Colorado North American Deserts Northwestern Forested Mountains Great Plains

Utah North American Deserts Northwestern Forested Mountains

Nevada North American Deserts

California Mediterranean California

According to this table, medium-high insolation areas are dominated by North American Deserts
and the Great Plains.

Table 18: High insolation value state areas (~ 6 kWh/m?/day, or ~ 2190 kWh/m?/year)
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State

Ecological Region 1

Ecological Region 2

Ecological Region 3

Southwest Texas

Great Plains

North American Desert

Southern New Mexico

North American Deserts

Temperate Sierras

Southern Arizona

North American Deserts

Temperate Sierras

Southern Semi-Arid Highlands

Southern California

North American Deserts

Mediterranean California

According to this table, high insolation value areas are dominated by the North American

Deserts.

Therefore, we can assume the following,
- Low insolation areas are dominated by forested lands

- Medium-low insolation areas are dominated by both forested lands and the North
American deserts

- Medium-high insolation areas are dominated by both North American Deserts and the

Great Plains

- High insolation areas are dominated by the North American Deserts

Using data collected from this analysis, the following three ecosystem regions were chosen for
further analysis in the land use impact category section;
1. North American Forests (compiled information from Northern Forests, Eastern
Temperate Forests, and Northwestern Forested Mountains)
2. North American Deserts
3. The Great Plains
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