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ABSTRACT 

METHODS TO ATTAIN A SUSTAINABLE FUTURE IN END OF LIFE 
MANAGEMENT FOR SOLAR PANELS 

 

Kyle Joseph McKeown 

The United States has in the past 10 years pursued renewable energy to reduce emissions 

and to diminish our reliance on coal, natural gas, and of course oil.  Photovoltaic (PV) 

solar systems have been leading the way to attain the goals that were set, compiling over 

13 gigawatts (13 billion watts) installed since 2006.   With the necessary increase in solar 

energy, a natural alarm is raised regarding the implications that panels present once they 

have reached their end of life (EOL).  This paper identifies main solar panels that are 

used today and the implications that each has in regards to recycling at EOL.  Additional 

aspects affecting EOL management include consumer expectations and rigorous product 

take-back regulations that force companies to consider EOLM.  Many manufacturers and 

third-party recyclers have already taken an initiative to introduce state of the art recycling 

programs, setting the stage for the PV industry.  With each panel design comes a different 

recycling process, material recovery, and ultimately price.  By analyzing the different 

panels and procedures that recyclers and manufacturers have in place, I created a model 

to recognize the paths available for newcomers.  Each path has its own set of implications 

that will need to be assessed by management to generate the optimal product take-back 

program for the company.   
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INTRODUCTION 

In light of the ever-increasing demand for energy renewable sources are becoming 

progressively more popular among residential, business and government customers. 

Photovoltaic (PV) systems are the current market leaders in renewable energy due to the 

relatively low cost of production, allowing for a decreased per watt rate to the consumer.  

Different types of solar panel systems each have their own advantages and disadvantages, 

with the most popular type being crystalline silicon solar panels (monocrystalline and 

polycrystalline).  These crystalline solar panels are primarily made from pure silicon.  

Although crystalline systems have the highest efficiency, thin-film solar panel systems 

are gaining market share due to simplified manufacturing and flexibility during 

installation.  Solar systems are designed to last 25 years at which the panel will have to be 

discarded, reused, or recycled.  This paper describes different avenues in which solar 

manufacturing companies are implementing End of Life Management (EOLM) for PVs. 

A secondary focus is to identify new potential opportunities in EOLM.  The ultimate 

objective is to provide a comprehensive overview of EOLM options to foster a discussion 

of sustainable best practices.  

Solar Panel Types 

Solar panels that hold the majority of the current market share include Monocrystalline, 

Polycrystalline, and Thin Film solar technologies.  Appendix C shows different panel 

types, EOLM options, material shortages, regulations, and efficiencies of each panel 

design.  Thin Film solar panels have become increasingly popular by demand the past 
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few years due to their ability to be elastic, which allows for flexibility during 

manufacturing and installation.  Many buildings, windows, and wind turbines are being 

encased by Thin Film solar panels.  Thin Film technologies use substantially less 

materials throughout the manufacturing process, reducing production cost, and increasing 

application areas. Although thin film technology can be used in many different 

applications, the materials used in the panel are more detrimental to human health and the 

environment.   

How Solar Panels Produce Electricity 

The solar industry incorporates diverse materials in each solar panel such as, silicon vs. 

non-silicon (Cadmium Telluride and Copper Indium Diselenide), glass, aluminum, 

precious metals, lead, etc (Figure 1).  At the top of a panel manufacturers place a 

blackout material and a UV enhancement film to reduce glare and direct sunlight into the 

glass structure. A solar panel is mainly composed of a glass structure, accounting for 80% 

of the material used in a solar panel. The glass works as a protective layer to the actual 

solar cells beneath, which is coated with a material to absorb the highest amount of 

sunlight possible. There are many different metals that convert energy into electricity; the 

more efficient, or conductive, the better.  Gold, silver, and copper are by far the most 

used for electricity components in solar panels because of their conductive properties. 

The production of energy in a solar system originates with the semi-conductor.  Most 

semi-conductors are comprised of a silicon wafer, absorbing sunlight through the glass 

that agitates electrons loose allowing them to flow unreservedly, which in turn creates an 
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electric field.  The electric field acts like a diode (electricity will pass in one direction 

only) allowing the loose electrons to flow freely “downhill” but not “uphill”.  The flow of 

these electrons creates current, or the flow of an electrical charge.  The current creates 

voltage, both current and voltage generates power (Toothman & Aldous 2012). Silicon is 

a very reflective material rebounding some of the photons before they can recoil electrons 

freely, which is why a reflective coating is applied before the glass is installed to conduct 

maximum power.  The last step in the process of creating a Silicon based panel includes 

putting a rigid frame around the glass being comprised of lightweight aluminum. Positive 

and negative terminals are coated with copper or gold to allow for the most conductivity, 

and highest efficiency. By interlocking solar panels together it creates a solar array, 

possible of producing thousands of Kwhrs (Kilowatt Hours).   
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Figure 1:  An exploded isometric view of solar panel materials 

http://www.techartnc.com/Art_Solar_Panel.html 
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Market Leaders 

Efficiencies, costs, and technological improvements have all contributed to solar panels 

becoming one of the most used renewable energy sources in the past 10 years.  Panels are 

fetching extreme efficiency because of the materials used, such as cadmium telluride, a 

common material used in thin film solar panels, achieving upwards of 20% efficiency.  In 

comparison silicon based panels have amplified their efficiency to over 40%, now 

possible from changes in the manufacturing process.  Manufacturing of solar panels has 

become increasingly efficient, from their designs, to their flexibility, and most of all, 

using materials that have no short abundance.  Panel designs have also become 

progressively important for manufacturers, installers, and third-party sources due to the 

demand for adaptable panel applications, while also designing a panel for disassembly 

and recycling at EOL.  Many solar corporations have already initiated a response to the 

EOLM issue including First Solar, Suntech, and Solar World.  These manufacturers 

produce both silicon based panels and non-silicon based (CdTe) to provide customers 

with a seamless PV system that will produce the highest energy output for every 

application.  First Solar, one of the leading contributors to solar energy in the US and 

worldwide has installed over 8 GW (Giga Watts) or 8,000,000,000 watts since opening in 

1999.  First Solar implemented corporate environmental responsibility initiatives by 

complying with ISO 14001 (International Organization for Standardization), OHSAS 

(Occupational Health and Safety), and also introducing the first recycling initiative for 

solar panels in 2005.  First Solar designed and installed state of the art recycling facilities 

that are operational at all locations, and are capable of accommodating scalable volume 
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as more PV system reach their EOL at 25 years.  First Solar’s recovery rate for 

Monocrystalline panels is upwards of 95% of the semiconductor, and 90% of the glass, 

which can all be used to manufacture a new panel with the same efficiency.  Cadmium 

and Telluride panels are not recycled at First Solar, but are shipped to a third-party 

recycler. Suntech, another leading manufacturer for PV systems has structured their 

organization to respond to the rapidly changing environmental shift towards sustainability 

and introduced global corporate responsibility.  Suntech also introduced corporate 

responsibility initiatives such as ISO 14001 (Environmental Management Standards), 

OHSAS 18001, committing itself to the highest health and safety management standards. 

Suntech also introduced SA 8000, a broadly recognized trade union and NGO, as one of 

the strictest workplace standards worldwide that is used by leading companies to assess, 

monitor and influence social accountability.  The standard focuses on the areas of health 

and safety, freedom of association, protection against child labor or forced labor, and 

protection from discrimination and disciplinary practices.  In 2008 Suntech joined the 

Climate Group and Copenhagen Climate Council to collaborate with some of the world's 

brightest environmental and business minds and develop practical solutions for the 

reduction of greenhouse gas emissions (Suntech 2014).  Suntech, however, does not have 

a recycling facility, instead they have a relationship with PV Cycle, a major contributor to 

the recycling of EOL PV systems.  PV Cycle, a Europe based company out of Belgium, 

has designed and implemented procedures to collect and recycle large quantities of PV 

panels.  PV Cycle uses primarily two methods in recycling PV panels, either shredding 

for silicon based panels, or using chemicals to separate layers in non-silicon based panels 
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(CdTe and CIG’s).  Upwards of 95% of materials can be recovered and used for new 

panel manufacturing.  PV Cycle emphasizes reductions in operational costs for 

corporations by recycling panels for them, rather than a company designing and installing 

a complete recycling facility.  PV Cycle is WEEE (Waste Electrical and Electronic 

Equipment) compliant to ensure proper EOL recycling minimizing environmental factors.  

PV Cycle’s goal is to execute their commitment to sustainable waste management, by 

offering the best in class collection and services.  Solar World, a US-based company, is 

the largest manufacturer of solar panels since 1975.  Solar World is known for large-scale 

commercial and governmental installations that require experience and knowledge, which 

provides customers with reduced energy costs and advances energy independence.  

Although Solar World does not operate a recycling facility, they are committed to 

environmental stewardship.  Solar World has reduced greenhouse gas emissions, reduced 

energy consumption by 20%, and has become solely powered by solar energy. The 

process by which Fist Solar, Suntech, PV Cycle, and Solar World operate their product 

take-back procedures, are in some ways very similar, and in others very different, which 

will be discussed in detail later in the case analysis section of the paper. 
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REGULATIONS FOR SOLAR SYSTEMS 

US Recycling Regulations 

In the United States the federal regulations govern the states using the EPA guidelines.  

States have to abide by the EPA regulations, but have no law regarding recycling 

procedures or product take-back for solar panels.  Disposal of solar panels is based on the 

Federal Resource Conservation and Recovery Act (RCRA), giving the Environmental 

Protection Agency (EPA) the authority to control hazardous waste from "cradle-to-

grave." This includes the generation, transportation, treatment, storage, and disposal of 

hazardous waste (EPA 2014).  In order to be deemed ‘hazardous’ by regulators, 

decommissioned or defective solar panels must fail to meet the US EPA Toxicity 

Characteristic Leaching Procedures (TCLP) standards in accordance with the RCRA 

(Larsen 2009).  “In the US, the generator of waste is liable for the cost of any site 

remediation that might be needed in the future, even if the waste has been disposed 

accordingly” (Fthenakis Energy Policy 2000).  With little regulation for solar panels at 

the Federal level, individual states must take the initiative to introduce regulations that 

enforce product take-back and cradle-to-cradle. 

California Health and Safety 

With the increasing demand for solar panels, EOLM is becoming increasingly important, 

and so are many aspects of human and environmental health. The toxic matter within a 

solar cell that conducts electricity and other components can be extremely harmful to 
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humans and the environment, with prolonged exposure being known to cause cancer, 

other diseases, and pollution.  Looking at the state of California, OSHA (Occupational 

Safety and Health Administration) completes more meetings and inspections than any 

other privately owned inspection agency.  California OSHA has no record of any new 

regulation stating how or when a solar panel should be disassembled or recycled. 

California regulations regard solar panel materials to be E-Waste. E-waste is a popular, 

informal name for electronic products nearing the end of their "useful life” (CA Gov. 

2013). Although California regulates E-Waste, the term can be very broad in what is to 

be considered E-Waste and the process in which the product is recycled. The State E-

Waste recycling program continues to allow California waste to be dumped overseas to 

poor countries that do not have infrastructure to recycle the waste (SVTC 2013). This 

type of dumping devastates entire villages and impacts human health (Silicon Valley 

Toxic Coalition-SVTC 2013).  In the same respect California has a policy, Hazardous 

Waste Control Law (HWCL), which is a stricter policy than E-Waste, but according to 

SVTC “of the 73 Bills related to the solar PV industry that were introduced in the 

California Legislature during 2007 and 2008, none addressed the manufacturing or end-

of-life hazards discussed in [their white paper]. Most of the Bills focused on installation 

targets and tax incentives/rebates for photovoltaic adoption”.  These Bills in turn, could 

entice corporations to move elsewhere and get away from the “red tape”, possibly 

harming California’s renewable sector (Larsen 2009).  Other states were not researched, 

as California is known to be the source and leader in the solar industry. 
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EU Recycling Regulations 

Europe has created regulations to establish recycling initiatives, including Waste 

Electrical and Electronic Equipment (WEEE) and Restriction of Hazardous Substances 

(RoHS) directives, established in 2003 to minimize the amount of electronic waste 

heading for landfills and incineration. RoHS restricts the use of certain substances, while 

WEEE regulates the collection, treatment and disposal of products, and places restrictions 

on their design (Larsen 2009). PV Cycle, a relatively new European company established 

in 2007, has one service in mind: recycling solar panels.  This third-party recycling 

company has designed collection points, certified waste transporters and specialized 

recycling partners, to offer Europe’s photovoltaic (PV) industries convenient collection 

and waste treatment solutions (PV Cycle 2014).  “Most of Europe’s solar manufacturing 

companies support EOL, while only a few in the USA, such as Solar World and First 

Solar, support total product take-back” (Goodcompany 2013). 

In summary, regulations differ across many areas, with some instituting mandatory 

recycling, while others have very few regulations.  Different regulations construct 

different needs for recyclers and manufacturers. The EU is the only one to influence 

recycling by including product take-back, fulfilling cradle-to-cradle.  For countries that 

do not force recyclers to apply recycling programs for EOL panels, corporations and third 

part recyclers will have to design and construct a recycling program to fulfill product 

take-back and cradle-to-cradle.   
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INTRODUCTION TO EOLM MODEL 

With the first solar systems coming to their terms, the emergence of EOL modules in 

2040 is estimated to rise to 33,500 tons, from 290 tons in 2010, creating a sizable 

environmental issue if not properly dealt with (Muller, Wambach, Alsema 2007). Solar 

panel systems have dramatically increased since the early 2000’s from 170 Mega watts 

installed, to 50 Giga watts in 2011, illustrating a 51% annual growth rate seen every year 

(Wesoff 2010).  Panel design has also changed over the years, from the large silicon 

based panels to the light flexible thin film panels. EOLM has become a topic and issue 

for many of the large solar corporations.  Many of the companies have already designed 

systems to complete product take-back and recycle the used panels that are either 

damaged or at the end of their terms.  Designs of recycling for solar panels actually came 

about in the early 2000’s when solar started to generate attention in the renewable sector.  

Vasilis M. Fthenakis, a member of the Environmental & Waste Technology group, 

designed a recycling procedure to allow manufacturers to reuse a majority of the old 

panel while remanufacturing at a low cost (Vasilis 2000).  Vasilis developed two 

strategies: De-centralized and Centralized.  De-Centralized recycling programs, involve 

more procedures, usually disassembling panels to separate materials and recover as much 

of the panel possible, but tends to increase costs and time. Whereas centralized recycling 

retains everything together, normally not disassembling the panel and using a smelter to 

melt the panel and later will separate materials.  De-centralized treatment allows for the 

separation of hazardous metals from the glass and the metal frame. Within the De-
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centralized treatment, three distinct options are available. A recycler could melt the solar 

panel and send the materials to a refinery to extract pure metals that can be used for a 

new solar panel.  The next option for a recycler would be to concentrate the solar 

materials by disassembling and sorting them to expedite the recycling process. The sorted 

materials can be then be put through a recycling process like ion exchange and solvent 

extraction, ensuring a high purity rating. The last process for the De-Centralized option is 

to recover materials directly, using electricity to separate different materials 

(electrochemically), which could then be refined and used to manufacture a new product.  

In 2000, companies such as Solar Cells Inc. used such a procedure to separate the panel 

components and recover the lead wires, glass, and precious metals.  The components 

were then sent into a hammer mill and separated by glass and metal.  At the end of the 

recycling process the company was able to recover roughly 80% of Tellurium and other 

metals at commercial grade purity 99.7%.  

The Centralized method relies on the use of a large smelter, or a system that melts 

everything together, before separating the material (involving the same process used for 

computers monitors and consumer electronics).  These recycling methods, although 

useful, appear dated compared to the latest recycling procedures that corporations such as 

First Solar and PV Cycle have introduced to recover the majority of the panel with the 

smallest impact on the environment.  Many of these efficient and high tech procedures 

will be discussed later in the section about main manufacturer.  In the same respect, 

different solar panel designs, by extension, require different EOL management strategies.   
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EOL Management Model 

By researching and understanding all the different angles that are involved within EOLM 

for solar systems, I generated a model (Appendix A) that displays and identifies all 

relevant procedures created and currently used by multiple leaders in solar recycling, thus 

allowing for an overview of the options available, identifying of any potential bottlenecks 

in the process, and recommendations to improve any of the recycling procedures.  The 

model covers two main categories of panel types: silicon-based and non-silicon-based 

solar panels.  The silicon subcategory is comprised of both Monocrystalline and 

Polycrystalline, which are two different types of silicon panels.  Monocrystalline is based 

on having one cell or ingot, while polycrystalline is comprised of multiple cells or ingots.  

The non-silicon subcategory includes cadmium telluride (CdTe) and copper indium 

gallium selenide (CIGS), which are the main materials in these types of panels.  Each 

categorized panel type has two options for product take-back.  Companies can recycle the 

panel using infrastructure they have installed or ship the panels to a third-party recycler, 

such as PV Cycle.  They can have the panel deemed E-Waste, or re-use the outdated 

panel.  Recycling generates the least amount of pollution, and reduces the cost to 

manufacture a new panel, because materials recovered in the recycling process can be re-

used to make a new panel. A disadvantage of recycling is the high upfront costs to design 

and install such infrastructure in-house, causing many companies to use third-party 

recycling agencies. Third party recycling companies simply charge a fee to recycler 

customer’s panels, and will then ship the panels back after the recycling process.  Third 

party recyclers also generate revenue when panels are dropped off with no intent of 
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receiving the panels back. Companies like PV Cycle can recycle the panels and then 

either resell the raw materials, or manufacturer new panels.  The costs for recycling 

through third-party is unknown, as well as the cost of the recycled materials compared to 

raw materials. Considering the panel as E-Waste, as described in the regulations section, 

results in the treatment of a solar panel the same as a TV or a computer. E-waste is 

usually shipped out of country for recycling, according to Silicon Valley Toxics Coalition 

(SVTC).  Reusing the panel will still create renewable electricity, but as time goes on, the 

panel loses efficiency dramatically until the cell has no electrons left.  The panel could 

then be recycled, reclaiming a majority of the usable materials, however a new cell would 

have to be manufactured instead of growing the dated 25-year cell to full capacity. 

Recycling Process For A Silicon Panel 

To recycle Silicon-based panels most companies, including First Solar and PV Cycle 

disassemble the panel into four components: aluminum frame, conductors, cell recovery, 

and the glass structure.  The aluminum frame and the conductors (precious metals that 

transfer electricity) are placed in a shredding mill, then sorted and refined to a certain 

purity level.  The raw metals that have been refined can then be used in the production for 

a new panel.  The cell and the glass structure are put through a process to separate other 

materials while recycling the glass and sending the cell to the wafer production area.  The 

cell goes through a growth process to increase the amount of electrons and size needed 

for a solar panel.  All materials that have been recycled are then re-assembled to produce 

a new solar panel that has the same output as a panel built with raw materials.   
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Recycling Process For A Non-Silicon Panel 

CdTe and CIGS (Non-Silicon Based Panels) require a far more advanced recycling 

procedure that the majority of current solar companies tend to avoid.  PV Cycle is one of 

the few companies that accepts and recycles non silicon based panels, an option used by 

leading manufacturers such as First Solar.  The recycling process begins with a shredding 

mill, same as the silicon panel, separating all glass from all other materials.  The glass is 

then recycled using a similar procedure for the silicon-based program.  All of the other 

materials like cadmium telluride, indium gallium selenide, and precious metals are put 

into a chemical bath to separate them.  The metals are then refined and used together with 

the recycled glass to produce a new recycled solar panel.  Although the process is much 

shorter than a silicon-recycling program, the chemical bath that is used to separate 

materials imposes health and environmental concerns.  As for recycling solar panels 

today, many of the procedures and programs have not been tested on panels at EOL, but 

instead have only been tested on broken and malfunctioning panels.  The solar industry 

has not received the first wave of solar panels due to the 25-year life span. 
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FACTORS AFFECTING PV EOLM OPTIONS 

Product Take-Back 

In light of regulations and increased consumer expectations for the responsible EOLM of 

panels, the majority of solar corporations have identified the need to implement any 

EOLM program to guarantee a competitive advantage within the market.  In the United 

States, there is no law regulating the need for solar manufacturers to design and 

implement a product take-back program, whereas European regulations force companies 

to not only recycle solar panels, but also to have a product take-back system in place.  PV 

Cycle, a European based company, prides itself for being the only recycler of solar panels 

for both small and large scale applications.  PV Cycle has many collection points, mainly 

focused in Europe and newly expanding to the US, with a delivery request form for 

orders less than 40 modules, and more than 40 modules.  Recently PV Cycle has 

discussed requiring manufacturers to clearly label their products so owners know how to 

handle their solar panels when they reach the end of their natural lives. This will provide 

further information for those receiving and treating the EOL panels, such as PV Cycle 

(Larsen 2009).  One proposed idea is to have manufacturers and third-party recyclers like 

PV Cycle put a date, telephone number, and address for when the panel expires.  

Currently, consumers have to take the initiative to recycle the panels at EOL, but there 

seems to be forward-thinking discussion of changing that process and involving the 

manufacturers and third-party recyclers more directly.  First Solar, a major manufacturer 

and recycler of solar panels does not initiate the process for EOL panels, but prides itself 
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on providing a greater return on capital for power plant owners (First Solar 2014).  The 

company has online forms to initiate the recycling process that is comprised of a pay-as-

you-go system on a per unit basis, rather than a large upfront cost.  Although in the 

United States there are no regulations for recycling solar panels, First Solar, and now PV 

Cycle, has generated a competitive advantage that will motivate other manufacturers and 

third part recyclers to follow.  PV Cycle, being the leader in third-party recycling, would 

be able to use both recycling of silicon based panels and non-silicon identified in the 

model that was developed.  PV Cycle, being capable of recycling all types of panels, 

currently has the competitive edge in the recycling market, and also the experience to 

innovate and establish new recycling programs that reduce emissions, producing a higher 

quality product once recycled.  First Solar, and other companies that have invested in 

infrastructure to do in-house recycling, do not have the ability to recycle all types of 

panels.  First Solar, for example, would only be able to follow the silicon-based path, as 

they have been doing since 2005.  Product take-back does generate an initiative for in-

house and third party recyclers to design and implement a take-back program, but at a 

high cost due to logistics.  For E-Waste option, there is no sense of pressure to infuse a 

product take-back system because of the cost E-Waste has.  Reusing the panel generates 

some response for recyclers to take-back, by replanting solar panels in other locations 

low efficiency or not, the supply chain is increased at a low to no cost.  By visualizing the 

paths taken by each corporation, one is able to examine what other factors affect each 

recycler and to identify any gaps in the EOLM process. 
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Regulatory Differences 

As discussed in the earlier section, regulations differ vastly from the federal level and 

state level, as well as in different countries.  Due to the toxic content of electronics 

products, regulations have been passed to provide environmentally sound EOLM 

solutions for short life-cycle products (Pagnell 2007).  The problem with currently 

existing regulations is that they are based on short life-cycle products, such as computer 

monitors, whereas solar panels tend to last 25 years.  In Europe, producers and recyclers 

must abide by WEEE, which demands that all electronic waste be recycled to keep toxic 

chemicals and materials from entering landfills.  For its part, Japan has passed similar 

legislation for mandating EOL take-back of washers and dryers, television monitors, 

video recorders, and refrigerators, among others.  Japan and China are now becoming the 

largest manufacturers of solar panels, and need to follow regulations to keep this 

renewable “Green” energy actually green.  In the United States, California has enacted 

several laws in recent years placing the responsibility for the recycling and disposal on 

the manufacturers, retailers and consumers (Pagnell 2007).  At the Federal level there is 

very little regulation that ensures product take-back, ultimately leaving it up to the states 

and manufacturers to take the initiative.  Identifying the regulatory differences that affect 

each country and state, pinpoints where each company will be within the model created. 

Each manufacturer and recycler are affected by the regulations, but the determining 

factor for each is to take cost, supply chain and material costs into account to realize the 

right path to ensure EOLM.   
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Cost Factors 

Companies that were either affected by regulations, like PV Cycle, or decided to venture 

into installing a recycling program, had to consider the substantial cost they would incur 

and the types of panels they would recycle.  Although I have no current data about the 

cost involved in designing and installing recycling infrastructure, Vasilis M. Fthenakis 

completed a study in 2000 to study the cost savings of recycling a solar panel.  The 

projected cost of recycling Cadmium Indium (thin film) panels was estimated to be about 

$0.08/ Watt, and with shipping and other recycling costs the total ended up at $0.11/ 

Watt.  In comparison, the current cost for landfill disposal was $0.01/ Watt for large 

quantities of non-hazardous waste, and $0.23/ Watt for hazardous waste. Vasilis 

recognizes that designing the panel for easy disassembly and separating the materials will 

generate a lower cost, instead of smelting (centralized method) all the materials and later 

sorting.  The current study showed that such recycling is technologically and 

economically feasible, but not without careful forethought.  He did state that recycling 

designs might change in the future, as more economic incentives may be given to 

developing clean technologies and reducing carbon dioxide emissions.  As for the costs, 

although outdated, the research completed by Vasilis indicated that recycling was not 

only better for the environment by reducing carbon emissions, but also financially viable 

for firms to invest.  Considering the paths taken by today’s recycling corporations many, 

if not all, use a system that disassembles panels in some kind of way, rather than using 

the non-disassembly path, which uses a large smelter to melt the materials.  By designing 

the panel for easy disassembly, Vasilis believed costs would be reduced dramatically by 
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condensing the amount of processes in the recycling procedure.  Recycling in-house as 

Vasilis researched, incurs extremely high up front costs to design and install recycling 

infrastructure.  Although the high costs do generate some concerns, the benefits include a 

lower manufacturing cost for solar panels as descried above.   This option will also 

generate the greatest return through control over the supply chain and design efficiencies.  

While some companies can identify and incur the optional benefits of an in-house 

program, a midway cost for recycling would be to outsourcing the recycling to agencies 

like PV Cycle. Third-party recyclers tend to have extremely high fixed costs, but also 

reap the benefits due to having the industry rely on them to recycle products that 

ultimately are not financially feasible for them (Pagell 2007).  The high fixed costs can be 

offset with the income generated from third-party recycler’s fee that is charged to recycle 

the panel. At the time of completing the recycling process, companies like PV Cycle then 

ship the recycled panels back to the customer or manufacturer.  Another revenue source 

for third-party recyclers is when customers drop off panels they do not want returned.  

Companies can then recycle the panel and either sell the raw materials or completely 

recycle the solar panel, to be installed once again.  Other options to consider when 

calculating cost factors are the benefits of reusing the panel.  By reusing the panel there 

are no large costs incurred, and it will create an incentive to design the panel to last 

longer than 25 years.  Panel design could be updated to allow for easy refurbishment or 

life extension through minimal part replacements, since panels that are not recycled at 25 

years realistically have no recycled value.   When management looks at options to either 

invest in infrastructure and promote a closed loop system, outsource and use third-party 
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recyclers, or re-use the panels and promote design efficiencies, low cost options usually 

prevail.  Although the low cost option always sounds appealing, the decision has long 

term implications: companies that outsource recycling effectively forego the opportunity 

to gain competitive advantage from the unique knowledge that is developed through 

managing recycling processes in-house.  In-house recycling also becomes beneficial 

when it comes to keeping product out of other competitive channels; the supply chain 

effectively keeps solar cores or materials away from the competition (Pagell 2007).  

Recycling in-house also produces another supply chain issue; if a majority of solar 

manufacturers are either recycling in-house or using a third-party recycler, suppliers of 

raw materials will ultimately disappear.  Distorting the supply chain will create a 

competitive market and will force supplier prices down, creating a problem for third-

party recyclers, but not in-house recyclers, who use the materials in a closed-loop.  By 

understanding the cost factors for recycling and the procedures that recyclers use, 

companies can find the best option based on where the company wants to go. 

Design Efficiencies  

With solar panels now being designed to wrap buildings instead of using paint, designing 

panels to be used as a roofing tile and encasing wind turbine blades with solar, the sky is 

the limit for the applications and designs solar can be used for.  Looking at the dissimilar 

factors for designating a path for solar manufacturers, third-party recyclers, and 

consumers, design is one, if not the most important, factor that is sometimes overlooked.  

Having a recycling program in-house will generate a greater incentive to design panels 
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for easier disassembly.  Many of the panels today are becoming harder to disassemble, 

identifying these trends will allow in-house recycling to become more efficient and more 

productive.  For third-party recyclers, panel design does not affect them in the 

manufacturing sense as much as the recycling programs.  By pushing manufacturers to 

consider new designs that focus on disassembly for recycling, it will ultimately reduce 

costs and provide more incentives for consumers and manufacturers to use third-party 

recycling.  As discussed in earlier sections, reusing the panel has design implications in 

that if more panels are reused it will generate a response to design panels to last longer 

and be updated to allow for easy refurbishment or parts replacement.  With the reusing 

path, I do believe the design implications would not be realized until the panels do not 

produce any electricity, which could be a total of 40 years.  This path would take the 

longest but would have the greatest design impact and benefit if ever considered.   

Supply Chain Implications 

Recycling solar panels has several implications with respect to the supply chain that 

includes conflict between manufacturers and suppliers. Reusing solar panels will also 

reduce demand for new panels.  To reuse the panel extends the availability of already 

operational panels and minimizes the use of new materials, which is a sustainable option 

for manufacturers and third-party recyclers.  With both in-house and third-party 

recycling, possible conflicts arise with raw material suppliers, who will see a decreasing 

demand for their products.  In-house manufacturers using an in-house recycling program 
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might see higher prices for raw materials that they still rely on, due to the impact of 

recycling on raw material prices. 

Panel Materials 

Materials used in solar panels are either conductive (produce electricity) or hazardous in 

some manner.  For identifying the optimal EOLM path, manufacturers and recyclers need 

to understand the implications that each panel design has and the infrastructure that is 

needed to recycle, or re use each panel.  In house recycling will have the toughest 

decision due to the extremely high costs involved for recycling all panel types.  The 

majority of manufacturers that recycle in-house rely on third-party recyclers for non-

silicon based panels.  This creates an advantage for third-party recyclers in that if they 

design and implement a recycling program that accepts all panel types, they increase their 

revenue stream by at least double.  Using the E-Waste path, the material each panel 

design has determines the path for where it will be recycled.  The majority of panels are 

considered the same material and composition as a TV or computer monitors.  Reusing 

the panel is not affected directly by the material type, although, as discussed earlier, new 

designs could prolong the life of each panel, and therefore, produce energy for a longer 

period of time.   

Pros and Cons Defining Paths 

By analyzing the different factors involved in determining a path from the model created 

(Appendix A), corporations can identify any implications that arise from the given 
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channels.  The channels provide two specific paths of either recycling panels at EOL, or 

reusing the panel with a certain decrease in efficiency rating at an average rate of 2-3% 

per year.  At year 25 the majority of panels are 81% efficient, and will continue to 

degrade to a point where the solar cell cannot be remanufactured.  Manufacturers and 

third-party recyclers need to understand the costs involved in waiting to recycle a panel 

or simply reusing it. Supply chain and material implications also play a large role in 

determining the path, and its ultimately up to the managers to be aware of these options 

and paths available, both to understand their choices and to understand the strategic 

implications of the choices of their competitors (Pagnell 2007). 
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Table 1: Factors Affecting PV EOLM Options 

Options In House Third Party  E-Waste Re-Use 

Product Take Back Having in house 
recycling programs 
initiates a response to 
implement product take 
back into the recycling 
program to generate the 
largest response in 
logistics 

Manufacturers still have 
to implement a produce 
take back program to 
ship the panels to a third 
party recycler 

E-waste does not provide 
pressure for 
manufacturers/customers 
to instill a product take 
back program.  
Ultimately, 
manufacturers will have 
to pay to dispose the 
panels 

Re-using EOL panels 
will increase the supply 
for renewable energy, 
but also decrease the 
panels that can be 
recycled.  This option 
allocates the EOL panels 
to places that can 
generate renewable 
energy at a very low cost 

Design Efficiencies Having recycling in 
house will generate more 
incentives to design a 
panel for easy 
disassembling 

Panel design will only be 
realized if the third party 
decides it will reduce 
costs and provide other 
incentives 

Does not have any 
implications for design 
efficiencies 

Design benefits could be 
to design the panel to 
last longer than 25 years. 
Panel design could be 
updated to allow for easy 
refurbishment, or life 
extension through 
minimal parts 
replacement 

Cost Factors The largest investment, 
although, should 
generate the greatest 
return through control 

Midway cost investment: 
Cost incurred by paying 
a fee to a third party 
recycler 

Relatively lowest cost, 
only cost incurred is 
disposal fee. 
Manufacturers 

No cost incurred 
although panel loses 
efficiency to a point 
where recycling is not a 
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over the supply chain 
and design efficiencies 

implementing a 
recycling program or 
customers will be 
affected by this cost 

viable option 

Supply Chain 
Implications 

Closes the supply chain 
loop that creates value 
for a company long term.  
Channel Conflict will be 
here if manufacturers 
still need to rely on 
suppliers 

Materials are controlled 
by recycler and can pose 
a chance of conflict for 
suppliers of raw 
materials 

Supply chain neither 
controls or generates 
incentives for 
manufactures who 
decide to use this option 

Adding another realized 
path that EOL panels 
could be used for, 
generates a greater 
resource and larger 
supply chain.  Also 
extends the supply of 
already operational 
panels and minimizes 
use of new materials, 
which is a sustainable 
option 

Materials Certain types of 
materials generally are 
hazardous and may 
cause manufacturer’s or 
third part recyclers to 
only recycle one specific 
panel type 

Third party recyclers 
could take advantage of 
other manufacturers not 
recycling all types of 
panels 

Materials determine the 
path for where the panel 
will be recycled, either 
E-Waste or deemed 
hazardous materials.  
Majority of the panels 
are E-Waste and are 
recycled the same way 
as TV and Computer 
monitors 

The panel materials do 
not affect re-using the 
panel, although at a 
certain point the panel 
can no longer be 
recycled and has no 
intrinsic value 

 



27 
 

MAIN INDUSTRY PLAYERS AND APPLICATIONS 

First Solar 

First Solar, est. 1999, is the main contributor in the manufacturing sector for creating a 

product take-back system.  Based on First Solar’s statistics in 2013, they are able to 

recycle 95% of the semi-conductor and 90% of the glass from their main product, silicon 

based panels. First Solar has been recycling since 2005 and has created a sustainable 

business model that will lead new companies into the right direction. The recycling 

program was funded through the revenue from solar panel sales, and went to the extent of 

designing a logistics department to provide customers with packaging and transportation 

to a recycling center.  The process for First Solar starts with a shredder and moves 

through a hammer mill to reduce the size of material and to break the lamination bond.  

First Solar then uses a chemical bath to remove the semi conductor films, which are also 

etched from the glass during the procedure.  The materials are then separated and moved 

to a screen to separate the glass and the blackout material that allows the maximum 

amount of sunlight into the panel.  The glass is then sent to a wash station to clean the 

chemicals remaining, and the chemical will be put through a metal recovery system to 

extract all metals in the chemicals.  Metal such as Cadmium Telluride are sent to a third-

party refinery to process the material to become raw metals that can be used to 

manufacture new solar panels.  First Solar stands behind the state of the art procedure 

stating they have a success rate of 90% glass and 95% semiconductor recovery to be used 

in new panels.  
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Solar World 

Solar World organizes recycling of their panels through a “Bring In” for all customers, 

where other companies are initiating the take-back.  Solar World has operated a pilot 

structure for PV Cycle since 2003, where some of the components are recycled in-house 

and others are shipped to PV Cycle.  The process for Solar World starts with an 

incinerator where the plastic is burned in a semiconductor at a little over 1100 degrees 

Fahrenheit.  Any of the remaining materials, metals, glass, etc., are separated manually.  

Glass and metals are sent for recycling, while the solar cells are re-etched to the wafer to 

then be installed in new solar panels.  Through PV Cycle’s recycling system they claim 

that both recycled wafer and a newly manufactured have equal electrical production even 

after going through a re-etching process.  Solar World tries to keep the wafer as thick as 

possible, due to the lower the thickness the lower the electricity yield a panel will give.  

Dr. Karsten Wambach, Manager at Sunicon, the silicon subsidiary of Solar World, 

told Renewable Energy Focus that the financial viability of recycling is a question of 

supply: “The waste streams are very small … therefore recycling is hardly viable today. 

In the future, with larger waste streams, it will be a must (Kari Larsen 2009). 

PV Cycle 

Europe has implemented regulations and life cycle assessments (LCA) to grade products 

on the ecological impacts during all life phases (Muller, Wambach, Alsema 2007).  

Jennifer Woolwich creator and owner of PV Cycle based out of Belgium designed the 

corporation to be a collection point for all EOL panels at any quantity.  PV Cycle, a third 
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party recycling corporation, designed two recycling programs to accommodate different 

panel types, silicon based and non-silicon panels.  The non-silicon panels are first 

delaminated using a chemical bath. The components of a CIG or CdTe panel come apart 

and are either put into a shredder or solubilizing chemical bath (chemical bath that 

separates and attracts different metals using electronic fields).  PV cycle then has separate 

facilities to recycle the glass and semiconductor, which later will become new parts for a 

solar panel.  The process for silicon based solar panel is somewhat similar in that both 

procedures shred the panel for separation later. The glass is then put through a processing 

line that is mixed with standard glass pieces, and partly reintroduced in glass fiber, 

insulation products, or used in glass packaging products.  The metals and plastics will be 

used in the production of new solar panels.  PV Cycle has introduced various disposal 

sites for <40 modules and >40 modules.  Many solar companies can actually become a 

disposal site for PV Cycle as long as they deal with recycling of PV panels.  The main 

focus is to enable customers to appropriately dispose of their photovoltaic (PV) modules, 

thereby creating additional value for them and show your commitment to sustainable 

product management (PV Cycle 2014).  PV Cycle also took an initiative to label panels 

when they need to be removed at EOL and sent to the manufacturer for recycling.   
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OPTIONS AND GAPS 

By analyzing the options consumers, manufacturers, and third party recyclers can take 

based on the factors discussed, there are many options available and gaps that can be 

identified.  Solar panels have not been designed to facilitate easy recycling nor do they 

have the ability to be used for an extended period of time, beyond the currently accepted 

25-year lifespan.  Product take-back needs to include labeling of products that includes 

the date the panels will need to be returned, and the costs for the manufacturer or third-

party to recycle.  Logistics for transporting the panels is a major concern and needs to be 

addressed to ensure proper efficiency within the recycling program.  The United States 

does not have any set regulations for product take-back and recycling, which does not 

promote sustainable handling of panels at EOL.  By identifying the supply chain 

implications and the possible gaps that can be filled, the PV industry will continue to 

move towards recycling and fulfilling cradle-to-cradle. 

Leasing Options 

A currently underutilized option for manufacturers and third-party recyclers is leasing 

solar panel systems.  By leasing a PV system the manufacturer or recycler retains the 

responsibility for product take-back at EOL and will then recycle the system to be leased 

again to consumers.  Solar energy is still a relatively high-cost investment, and takes a 

considerable amount of time to pay back, but by reducing the upfront cost and leasing the 

PV system it benefits both the consumer and the manufacturer/recycler.  Integrating such 

a system would be a promising revenue source and would assist the recycler or 
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manufacturer by knowing when systems would be deemed EOL.   Keeping track of solar 

systems leased would allow the company to schedule recycling accordingly and become 

more efficient.    
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ASSESSMENT OF EOLM 

Measuring and tracking success for manufacturers and third-party recyclers is key to 

identifying strengths and weaknesses and strengths that can be used to better the future 

for PVs.  Many recyclers have their own set of guidelines they abide by, such as ISO 

standards, WEEE compliance, and many other corporate responsibility agencies.  If 

recyclers are not assessed, other than by their own standards, then there will be no 

incentive other than competition to better their recycling facilities. Questions arise 

regarding who is evaluating the recyclers from a third-party seat.  One organization 

providing nongovernmental oversight is the Silicon Valley Toxics Coalition (SVTC), 

who is forcing solar companies to stay on track towards a more sustainable future, and to 

avoid “the road many electronic companies went down when it comes to recycling” 

(Craig 2012 Earthtechling).  A very promising aspect of SVTC’s initiatives is the balance 

scorecard (See Appendix E Pg. 24), which was created to identify what companies are 

incorporating into their recycling programs to move towards a sustainable future.  The 

balanced scorecard in 2013 proved to be very noteworthy on the basis of respondents, 

and to me uninspiring.  “Issued to 40 of the top solar industries, representing 82.8% of 

the total market share only 49.5% responded to at least one card” (SVTC 2013).  The 

surprisingly low response rate, SVTC believed, was due to the economic hard times, even 

though alternative energy sources are increasing, many businesses could not survive.  The 

scorecard was based on 3 keys: Sunny the best, Partly Cloudy, and Rainy being the worst.  

The card rated companies on 12 aspects of a sustainable systems including cradle-to-
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cradle. The surprising fact from the table below is that only a handful of the 40 

companies actually accounted for cradle-to-cradle, while no one company, including First 

Solar, received anything higher than partly cloudy.  The hard truth is that third-party 

assessments lead to the conclusion that the majority of manufacturers have recycling 

systems that are not fulfilling cradle-to-cradle, module toxicity levels, and consuming too 

much water during their processes.  Although some major recyclers are not present in this 

evaluation, including PV Cycle, this scorecard creates awareness to consumers and 

suppliers.  Many people buy products based on a company’s visions to be responsible, 

looking for ISO and WBCSD valuations to validate the company’s behavior and overall 

attitude towards the environment.  With SVTC digging deeper into the procedures each 

recycler uses, it generates a response for manufacturers and third-party recyclers to 

become greener.  For future recyclers this scorecard will be the benchmark of quality and 

environmental stewardship. 
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SUMMARY 

By changing the way a solar panel is designed to incorporate a more sustainable and 

easily disassembled product, more companies would have an incentive to reduce, recycle, 

or re-use.  Redesigning solar panels for future use can, not only reduce manufacturing 

costs, but also inspire investors to take part in a more sustainable journey, as BMW has 

done with their entire product line.  BMW has re-engineered all of their products to allow 

for easy disassembly at EOL to reduce the need to remanufacture new products, 

ultimately reducing pollutants into the environment and reducing costs at the same time.  

This, in turn, will also create another revenue source for BMW with products that can be 

easily disassembled, and then recycled to produce a new and improved part for a new 

BMW.  If solar companies took such an approach in designing a system that would fulfill 

cradle-to-cradle, I believe the market would respond in a positive way incentivizing other 

companies and products to follow in their footsteps.  Investors and governments would be 

encouraged to take part in a sustainable journey for renewable energy that will always 

generate a revenue source from the previous product manufactured. 
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