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Abstract: This paper presents the results of an environmental evaluation carried out by the application of Life Cycle 
Analysis (LCA), to a new method proposed for managing the end of life of thin film photovoltaic panels that has 
been developed by the authors, named DGP. The main innovation of the method consists in the elimination of the 
thermal treatments and the reduction of chemicals, in favor of mechanical processes. The results demonstrate that 
the mechanical treatments used in the pre-treatment phase of the module has a positive effect in almost all the 
damage categories defined in the LCA and contribute significantly to the reduction of the global warming and the 
carbon footprint of the photovoltaic technology. In addition, an evaluation of the economic impact in terms of 
valuable material recovered, and cost associated to the recycling, of the new method is presented. The revenues 
associated to the recovery of valuable and common materials and the recycling costs have been assessed for 
evaluating the sustainability of the process. 
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1. Introduction 

Over the last years, increasing attention has been paid, in 
both the industrial and policy vision, to environmental 
problems; in particular there was an increase of the 
interest in the development of methods and techniques 
allowing to understand and, consequently, reduce the 
possible impacts of products including in the evaluation 
their disposal. Industries are being paid much attention to 
the environmental issue, while until few years ago, 
problems related to the environmental compatibility of 
production activities were strongly underestimated due to 
the fact that it was viewed - and in some cases it still is - as 
a cost consuming activity; moreover the  impulse to 
technological renewal by legislative restrictions was 
lacking (Sarmento et al., 2005). Many factors have 
contributed to open a new scenario in which industry and 
environment needs could have been made compatible; 
among them the spread of an "environmental conscience" 
at all levels of the society, the existence of a growing 
demand for environmentally friendly products with new 
market possibilities for industries, the entry into force of 
European laws. In particular, this trend is becoming 
increasing important in the field of the energy production 
from renewable sources in order to achieve the mains 
objectives defined by Kyoto Protocol (Soltau, 2006). 
Among the potential benefits of PV in substitution for 
fossil fuel are the reduction of greenhouse gas emissions 
which impact the global climate; the reduction of criteria 
pollutant emissions such as nitrogen oxides (NOx), sulfur 
dioxide (SO2), and carbon monoxide (CO) which cause 
health problems and damage the environment; and finally, 

the reduction of toxic emissions which cause human and 
ecological harm. Relative to burning coal, every GWh of 
electricity generated by photovoltaic’s would prevent the 
emission of about 10 tons of SO2, 4 tons of NOx, 0.7 tons 
of particulates and up to 1000 tons of CO2 (Fthenakis and 
Moskowitz, 2000). However a correct analysis of the 
environmental benefits of photovoltaic installations 
cannot ignore  the "end of life” phase of the life cycle.  

Despite the advantages previously mentioned, the 
extraordinary development of the photovoltaic market 
over recent years is forcing producers to confront with 
risks associated to an incorrect disposal of PV modules 
and has emphasized the need for a sustainable method for 
their disposal at the end of their life (Gabrielli, 2010). 
Until few years ago, the problem of PV modules disposal 
was not particularly important because of the young age 
of photovoltaic technology and the longevity of the 
modules, estimated on average at least 25-30 years. On the 
other hand, first significant volumes of PV installations 
begun in the early 1990s, especially in Germany, USA and 
Spain, so the great influx of waste modules will not 
happen until 2020, according to PV Cycle, an association 
founded 2007 by PV manufacturers dedicated to 
establishing a take-back and recycling system for end-of-
life PV modules throughout Europe. PV Cycle expects 
some 18,000 tons of PV waste in 2020 (Larsen, 2009) 

In general it can be said that after about 25-30 years of 
operation, a PV module starts to show signs of aging, 
which typically occur through the decay of the 
productivity, reduction in yield and a consequent decrease 
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in the overall efficiency of the plant. Theoretically, the 
working life of a PV system is potentially infinite since 
there are no moving parts, however, because of the 
natural degradation of the materials, phenomena of 
delamination, leading to penetration of moisture and air 
within the modules, may occur causing the oxidation of 
contacts and straps. The decline in performance that 
follows leads to the disposal of the modules and then 
plant even if this would still be able to function (SVTC, 
2009). Therefore a system that for years, during its use, 
produced clean energy can become, at the end of  its life, 
another of many technological devices difficult to dispose 
which  clog up landfills.  

An April 2011 Bio Intelligence Service study ordered by 
the EU Commission concluded that including PV panels 
in the WEEE directive will generate economic benefits by 
limiting the quantity of PV panels improperly disposed of, 
avoid toxic chemicals leaching into the environment, and 
allow recovery of valuable resources and rare metals. 

The study foresees $0.58 per-watt will be generated in 
2025 from recycled PVs. With a 100% collection rate, 
278MW of PVs are expected to be recycled in 2025 with 
that rising to 17,000MW by 2035. By then the per-watt 
recycled value is predicted to reach $1.21, depending on 
the market price variations of the materials. For crystalline 
modules, the expected recycled product value is predicted 
to increase from $122 million in 2025 to $12,908 million 
by 2035. In 2025, the recycled values of glass and 
aluminum are expected to account for $105 million and 
$11 million of the $122 million respectively, and $11,066 
million and $1,131 million respectively by 2035. 

Due to the great economic impact, beside the 
environmental one, that the recycling of PV modules, will 
have in the near future, many stakeholders of the field 
have started to investigate on related technologies and 
opportunities; this work has in fact been promoted by a 
private company (that for privacy reasons will be named 
PVC) which business is the installation of PV modules 
and is among the Italian leaders in this field. The aim of 
the ongoing study is to develop a technical strategy to 
address the issue of the end of life phase of photovoltaic 
technology.  

The high value pre-treatment process that is under 
development is  characterized by a limited use of thermal 
and chemical treatments, to reduce the environmental 
impact compared to current disposal strategies and 
techniques. The test facility and the equipment used for 
the environmental analysis presented in this work has 
been made available by PVC company. The results 
obtained showed that with this method based mainly on 
mechanical treatments, it is possible to recover almost all 
of the glass and semiconductor materials present in the 
photovoltaic module, which after purification can be used 
for production of new modules.  

Giacchetta et al. (2013) demonstrated, through a life cycle 
analysis, that an efficient recycling process can reduce the 
environmental impact of thin film PV technology, 
moreover it allows to recover either conventional 
resources such as glass and rare material such as Silver, 

Indium, Gallium, Germanium which waste according to 
the final report of “A study on photovoltaic panels 
supplementing the impact assessment of the WEEE 
directive” (2011), would lead to an economic loss up to 
123 Euros/panel for thin film panels (corresponding to a 
100% recycling). 

The aim of this work is to emphasize the sustainable and 
responsible management of the "end of life" of thin-film 
photovoltaic modules, in particular copper indium 
germanium diselenide (CIGS) and cadmium telluride 
(CdTe), that experienced a significantly growth over the 
last years, due to low-cost and low energy associated to 
their production (Hoffmann and Pellkofer, 2012cdon).  

A correct end-of-life management policy should be based 
on the principles of sustainable development. A 
sustainable recycling process requires both environmental 
and economic sustainability. This combination of lifecycle 
assessment and economic evaluation can be termed 
Lifecycle Evaluation (Craighill and Powell, 1996): it is a 
powerful multicriteria decision tool to aid the 
development of sustainable end-of-life management and 
recycling policies.  

The purpose of this study is to presents the results 
obtained by Giacchetta et al. (2013) and to demonstrate 
also the economical sustainability of the process and then 
to complete its Lifecycle Evaluation. Giacchetta et al. have 
also received a national award from Enel Foundation for 
the innovative “Double Green Panel” (DGP) method 
developed. 

The paper is structured as following: in paragraph 2 a brief 
description of the recycling method developed by 
Giacchetta et al. (2013) and the relevant LCA’s results will 
be given; in paragraph 3 materials and methods used for 
the economic analysis will be presented; paragraph 4 deals 
with the types and quantities of materials that can be 
recovered from thin film PV panels and presents the main 
results in terms of revenues and costs and it is devoted to 
the discussion of the results while in paragraph 5 some 
conclusions are drawn. 

 

2. High value pre-treatment process and LCA’s 
results 

The technical feasibility of  each phase of the high value 
pre-treatment process developed by Giacchetta et al. 
(2013) was tested at laboratory scale using CdTe modules 
provided by PVC company and their test facility. 

The proposed method cannot be described in details due 
to the fact that it has not yet been patented, for this 
reasons only a general scheme will be presented in this 
paper. The main innovation consists in the elimination of 
thermal processes and in the reduction of chemical 
treatments in comparison with the current available 
methods. Another important characteristic is the high 
level of automation that allow to reduce labour costs and 
safety issues.  

The preliminary operation that has to be performed on 
the module before applying the developed process, 
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consists in the removal of the wiring; after this phase the 
modules are sent to a shredding machine  that breaks the 
panels in large pieces then to a hammer mill that, in order 
to break the lamination bond, reduce further the size to a 
dimension of about 4-5 mm.  Due to the need of reducing 
the size, the method can recycle either intact modules, 
broken modules and manufacturing scrap. The following 
phase consists in applying hydro mechanical treatment 
that exploit shear and friction phenomena for separating 
the valuable materials; in the next step a solid liquid 
separation is performed through a floatation process. 

Figure 1 summarizes the main steps which form the high 
value process for the pre-treatment of thin film modules 
developed by Giacchetta et al. (2013). 

 

 

Figure 1: Scheme of the panel recycling process (source 
Giacchetta et al., 2013) 

 

The last step of the process consists in the purification of 
high value materials; both the glass fraction and the 
recovered photoactive materials have to be cleaned or 
purified so that they can be reused for the realization of 
new photovoltaic modules.  
The glass has the need to undergo only a washing 
treatment, while, to retrieve the photoactive materials, a 
leaching process is used. Fthenakis and Wang (2006), 
demonstrated that using a leaching technology with dilute 
aqueous solution of hydrogen peroxide and sulfuric acid it 
is  possible to completely leach out cadmium and 
tellurium from samples of CdTe PV modules. The same 
method successfully removed cadmium and tellurium 
from actual manufacturing scrap; copper was partially 
extracted. Subsequently, cation-exchange resins were used 
to separate cadmium and copper from tellurium. 
Complete separation (i.e., 99,99%) of Cd from Te was 
accomplished at an estimated capital and materials cost of 
about 2 cents per W for a 10 MW/year recycling facility 
allowing to use the recovered materials for new PV 
modules. 
This phase was not considered in the LCA because it was 
assumed that the recovered materials are sent directly to 

third party companies that will provide for their recovery 
and reuse. 
The process described was applied, through the prototype 
system developed in collaboration with the PV company, 
to CdTe modules with the following materials 
composition: 

 11,52 kg of virgin glass; 

 432 g of EVA (Ethylene Vinyl Acetate 
copolymer); 

 28,8 g of CdTe; 

 11,52 g of CdS. 

 

2.1 LCA inputs 

For evaluating the impact categories, relating to the pre-
treatment system created, it was necessary to assess all the 
inputs and outputs of the proposed process. The LCA 
analysis proposed in this work was focused on the 
treatment process carried out in the experimental facility 
of PVC company. For this reason the material recovery 
phases are not included in the study. 

The first variable to be taken into consideration is the type 
of thin film photovoltaic module to use as functional unit. 
The choice fell on the CdTe modules because they are 
gaining ground on the current market and also because it 
is assumed that this will be the dominant technology in 
the coming years (Hoffmann and Pellkofer, 2012). The 
technical and mechanical data and the composition of the 
CdTe modules have been presented in Giacchetta et al. 
(2013). 

 

2.1 LCA results 

Figure 2 shows the damage assessment for each of the 
different categories of impact related to the pre-treatment 
system developed.  

 

Figure 2. Damage assessment for categories of impact. 

 

The histogram of Figure 2 shows that the recycling system 
has a positive effect in almost all impact categories. Only 
for the categories Ionizing Radiation and Land 
occupation, the environmental loads outweigh the positive 
effects of the recycling. Among all, the crushing process 
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determines the highest environmental load; meanwhile the 
dimensional reduction of the PV modules and waste 
components which would have been incinerated presents 
the lowest environmental impact (Disposal, PE sealing 
sheet, 4% water, to municipal incineration/CH S). The 
advantages produced by the recycling system are due 
mainly to the recovery of glass and cadmium telluride 
(CdTe). The recovery of the CdS has instead a negligible 
effect on the impact categories evaluated.  

The results of damage assessment were then normalized 
in order to determine the extent of the environmental 
impact of the system studied. Figure 3 shows that the 
consumption of non-renewable energy is caused mainly by 
the crushing process that represents an environmental 
load. However, it is possible to observe that the non-
renewable energy saved recovering the glass is greater and 
therefore there will be advantages. The remaining impact 
categories  show, instead negative values (especially 
respiratory inorganic, global warming, carcinogens, 
terrestrial eco- toxicity and non-renewable energy) which 
correspond to emissions avoided. 

 

Figure 3. Normalization for impact categories. 

 

3. Material and methods 

In order to assess the economic feasibility of the recycling 
process it was necessary to calculate the amount of 
recoverable materials from the solar modules considered. 
The experimental tests were carried out by treating 
different samples of thin film panels with the process 
schematized in Figure 1; the McDonald and Pierce (2010) 
equations reported in Table 1 were used to extract from 
the available data the amount of semiconductor materials 
and glass that it was possible to recover, the revenues 
from selling those materials; the amount of waste per 
module and the cost of landfill for such waste. 

 

 

 

 

Table 1: Equation used for the revenue calculation 
(source: McDonald and Pierce, 2010). 

Equations  

(1) Recoverable 

semiconductor 

materials mass 

(mrs) 

 

mrs = 

Atsρszs 

(g/module)  

A = area of the module (cm2);  

ts = module  thickness (cm); 

ρs module density (g/cm3); 

 zs = percentage of recoverable 

materials. 

(2) Revenue 

from selling the 

recovered 

materials 

Psc= mrs 

*Vs 

(€/module) 

Vs= resale value in €/g of the 

semiconductor material. 

(3) Mass of the 

recovered glass 

mrg = 

Atgρgzg 

(g/module) 

tg = module  thickness (cm); 

ρg module density (g/cm3); 

 zg = percentage of recoverable 

materials. 

(4) Revenue 

from selling the 

recovered glass 

Psg= mrg 

*Vg 

(€/module) 

Vg= resale value in €/g of the glass 

(5) Total mass of 

waste per 

module 

W= 

AEw/Np 

(kg/modul

e) 

E = power per unit area of each 

module (W/m2); 

w = weight of the solar module 

(kg); 

Np = nominal power of the solar 

module. (W)  

(6) Cost for 

landfill disposal 

D= WT T= cost of disposal (€/kg) 
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The total profit or loss can be calculated as the sum of the 
revenues given by the commercialization of the valuable 
materials and of the glass (in this analysis it has not been 
taken into account the amount and the relative revenues 
of the copper from the recycling of cables), and the 
avoided cost of landfill disposal minus the cost of the 
recycling process.  

In the computation of the recycling costs per module have 
been computed all the processing phase as reported in 
Figure 1. 

Moreover the costs of transportation of the input and 
outputs related to the recycling process, for the system 
maintenance, for the labour and for disposing the non -
recyclable materials, have been included in the analysis. 

The costs are reported in Table 2. 

 

Table 2. Equation used for the costs calculation. 

Costs   

(7) Landfill 

disposal (€) 

Cld =TmwDfee Tmw= the total mass to 

disposed (kg); 

Dfee = landfill cost per 

kg (€/kg) 

(8) Total mass 

waste (kg) 

Tmw=APW/Np A= panel area (m2); 

P = power per unit area 

(W/m2); 

W= panel weight; 

Np= nominal power (W) 

(9) Recycling 

cost (€) 

Rc= 

Pc+Tc+Mc+Lc+LDc 

Pc = processing costs;  

Tc = transporation 

costs; 

Mc = maintenance costs; 

Lc = labour costs; 

LDc =landfill disposal 

costs 

 

4. Recoverable materials 

In thin film technologies the photoactive P/N junction is 
made up of two semiconductors compounds: II-VI 
connections (CdTe) and I-III-VI connections, whereby 
chalcopyrite with Cu(In,Ga)(S,Se)2 (CIS, CIGS) variants is 
the most important representative. 

The most diffuse type of PV panels, are based on 
amorphous silicon and its alloys(a-Si/c-Si), and it has been 
established that their market share is within 11% and 13%. 
The modules of the cell is installed on glass, steel and 
polymer substrates. A combination of silver and ZnO is 

used as a back contact for steel substrates, whilst the 
transparent front contact consists of indium tin oxide 
(ITO). An efficiency of up to 14% has been reaches with 
hybrid cells from amorphous and microcrystalline silicon. 
CdTe panels are the only thin film types cheaper than 
crystalline silicon PV in multi-kilowatt systems. Cadmium 
telluride has been recognized as a promising photovoltaic 
material for thin-film solar cells because of its near 
optimum bandgap of ~1.5 eV and its high absorption 
coefficient. Small-area CdTe cells with efficiencies of 
more than 15% (Britt and Ferekides, 1993) and 
commercial-scale modules with efficiencies of >10% have 
been demonstrated (Wu et al., 2001). Chalcopyrite (CIS, 
CIGS) refers to solar cells with absorbers from mixed 
crystals with the formula Cu(In,Ga)(S,Se)2. The most 
frequently used compound is copper indium diselenide 
(CIGS or CIS), which has been modified by gallium; the 
sulphur compound CuInS2, only plays a secondary role. 
Like CdTe, CIS (with sulphur or selenium) is a direct 
semiconductor with high light absorption. 

As for the materials present in the panels, in case of 
modules that have been produced on top of glass carrier 
layers, currently the majority of all produced modules, the 
active layer accounts for less than 1% of the modules’ 
weight. Substrates and front glass contribute more than 
80% of the weight, the share of the frame, often made 
from aluminium, accounts for 12-15%, depending on the 
size and the design of the modules. Encapsulating resins, 
junction box and cables make up the rest. Apart from 
that, producers use different materials for similar 
functions, e.g. different encapsulants such as PVB and 
EVA, or even their own, not described materials, which 
might influence the recycling behaviour of the modules.  

The data regarding the quantity of different valuable or 
not materials present in the different types of thin film 
panels taken into account, have been obtained comparing 
and averaging results from the experimental dismantling 
carried out with the DGP method and from the available 
literature.  

The DGP process consists of several phases and its main 
innovation is the elimination of thermal and chemical 
treatments. The preliminary operation that has to be 
performed on the module before applying the developed 
process, consists in the removal of the wiring; after this 
phase the modules are sent to a shredding machine  that 
breaks the panels in large pieces then to a hammer mill 
that, in order to break the lamination bond, reduce further 
the size to a dimension of about 4-5 mm.  Due to the 
need of reducing the size, the method can recycle either 
intact modules, broken modules and manufacturing scrap. 
The following phase consists in applying hydro 
mechanical treatment that exploit shear and friction 
phenomena for separating the valuable materials; in the 
next step a solid liquid separation is performed through a 
floatation process. 

The last step of the process consists in the purification of 
high value materials; both the glass fraction and the 
recovered photoactive materials have to be cleaned or 
purified so that they can be reused for the realization of 
new photovoltaic modules.  
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The average quantities of different materials recoverable 
from different kind of PV panels, obtained averaging data 
provided by the company and data available in literature 
are reported in Table 3. 

 

Table 3. Average amount of recoverable materials 
from thin film panels. 

Material 
recovered 

Average 
% 

CdTe 

Average 
% 

CIS 

Average 
% 

c-Si 

Glass 90% 75% 60% 

Al 0.01% 16% 19% 

In - 0,018% - 

Ag 0,003% - 0.002% 

Ga - 0.01% - 

Cd 0.07% - - 

Te 0.072% - - 

Se - 0.025% - 

Cu (Cable) 0.085% 0.08% 0.5% 

Organic 3.5% 5.5% 11% 

Sn 0.005% 0.1% 0.08% 

Pb 0.06% 0.07% 0.05% 

The glass has the need to undergo only a washing 
treatment, while, to retrieve the photoactive materials, a 
leaching process is used. As an example the quantities 
recovered for CdTe panels were used for the calculation 
of revenues of the recycling. 

 

4.1 Revenue and costs of the DGP recycling process 

Different samples of CdTe were treated with the process 
developed by Giacchetta et al. (2013) in the prototype 
system developed, the mechanical characteristics and the 
materials composition of those samples are described in 
Table 4. 

 

 

 

 

Table 4. Main characteristics of PV modules 
considered in the analysis 

CdTe Module characteristics 

Length (mm) 

Width (mm) 

1200 

600 

Weight (kg) 

Area (m2) 

12 

0,72 

Total thickness (mm) 

Semiconductor layer thickness (mm) 

6,8 

0,003 

Semiconductor density (g/cm3) 6,03 

Frame material Not any 

Glass thickness (mm)  

Glass density (g/ cm3) 

Nominal power (W) 

Power per unit area (W/m2) 

6,7 

2,6 

74 

100 

Encapsulation Laminated with sealed edges 
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In Table 5 the quantities and the relative revenues 
calculates as the average of results obtained for each 
sample are reported. 

 

Table 5. Quantities of recoverable materials and 
relative profits. 

Materials Mass 

recoverable 

(g/module) 

Material 

prices 

(€/g) 

Revenue from 

material selling 

(€/module) 

Cd 12,83 1,5E-3 1,92E-02  

Te 12,63 7,56E-3 9,55E-02  

Glass 12724 3,5E-4 4,45E-03 

 

The landfill tipping fee have been determined by asking 
quotations to authorized landfill sites and from literature. 
The costs for the different phases of the recycling process 
have been provided by the company in which the 
recycling system has been implemented. 

The total avoided cost of landfill disposal and costs 
related to the recycling process have been calculate by 
Equation (7), (8), (9) and are reported in Table 6. 

 

Table 6. Landfill and recycling cost per PV module. 

Total mass waste Tms (kg/module) 11,67 

Cost of landfill disposal (€/kg) 0,5 

Total avoided cost for landfill 

disposal (€/module) 

5,83 

Recycling cost (€/module) 5 

The total revenues and costs defined allowed the 
calculation of total profit (or loss) of the recycling process 
that can be expressed with the following equation: 

 Prp=Rcd+Rte+Rg+Cld-Rc= 
0,0192+0,095+0,0043+5,83-5= 0,95 €/module (10) 

Being Rcd the profit from selling the recovered Cadmium; 
Rte the profit from selling the recovered Tellurium; Rg 
the profit from selling the recovered glass; Cld the 
avoided cost for landfill disposal; and Rc the total cost for 
recycling each module. 

From the results presented above, with the available data 
on landfill tipping fee and on recycling process, it is clear 
that the main contribution is given by the avoided cost of 
landfill disposal making the recycling process profitable 
only if there is a mandatory legislation that force 
manufactures to be in charge of collection and recycling 

of the PV panel and there is in place a compensation 
system that makes the process sustainable, as has been 
already done with electronic waste. 

In Europe on August 2012, the amended WEEE 
Directive came into force, meaning that by the beginning 
of 2014, all EU member countries must implement a 
national WEEE law. Responsible for the free take back 
and recycling of the photovoltaic modules are the 
"producers". However, under the EU directive, the 
producer can be the manufacturer or importer, or 
eventually, the seller or installer. This Directive promoted 
the creation of consortium made by manufacturers and 
other players in the PV panels supply chain, for financing 
the management of the panels end of life.  

To correctly evaluate the sustainability of a particular type 
of PV panel technology, is important to include in the 
computation the social costs associated with an improper 
management of their end of life phase. This could 
determine not only a loss of revenue due to the non-
recovery of valuable materials but also makes public and 
private bodies in the situation of incurring in direct costs 
correlated to environmental contamination issue (e.g. lead 
and cadmium leaching) and indirect costs due to the 
effects that such contaminants can have on the 
environment and on the human health. Those represent in 
fact the largest environmental and health risks even if 
their concentration is less than 1% of the mass of 
photovoltaic panels. 

A study from NGI (2010), reports that in c-Si PV panels, 
lead is present with an amount going from 1.64 to 11.4 g 
per panel and its leaching can reach a percentage from 
13% (at PH level of 4-7) to 90% (at PH level of 3-4). 
While in CdTe panels, cadmium quantities go from 0.32 g 
to 11.4 g per panel and the relative leaching percentage 
goes from 29% (at PH level of 4-7) to 40% (at PH level of 
3-4). 

According to the Goedkoop and Spriensma (2001), lead is 
a heavy metal with a high potential for accumulation in 
humans and the environment; lead is linked with 
cardiovascular problems and osteoporosis in the elderly, 
reproduction issues linked with foetus and young, and 
nervous system issues for foetus and children. Cadmium 
is a heavy metal that accumulates in living organisms and 
has biological half-life of 30 years. Cadmium is notably 
linked with cardiovascular problems and osteoporosis in 
elderly populations. 

The costs associated to the potential leaching of this 
materials have been calculated by NGI (2010) and by 
ADEME (2007) and are related for the cadmium to the 
air pollution and for the lead to the soil pollution. In 
Table 7 the results of this study are presented. 
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Table 7. Costs associated with cadmium and lead 
leaching (source NGI, 2010 and ADEME, 2007). 

  
Unit 

quantity 
Weight per 

module 
Quantity 

per module 
External 

cost per kg 

Cadmium 383 mg/kg 12 kg 4596 mg 46 € 

Lead 576 mg/kg 22 kg 12672 mg 1'174 € 

  
External 

cost per ton 
of Cd/Pb 

Price of 
leaching 

per module 

Price of 
leaching 
per ton of 
PV panels 

 

Cadmium 46000 € 0,14 € 12,04 € 

 Lead 1174'000 € 7662 € 348255 € 

  

5. Conclusions 

In this paper an evaluation of potential revenue from an 
innovative recycling process of thin film PV panels has 
been carried out for CdTe panels. The topic is of great 
interest either for the scientific community and for the 
industry and the preliminary results of the research show 
that the development of a low impact a low cost recycling 
process is necessary to make the continuous growth of 
thin film PV installations sustainable.  

It has been demonstrated that, from an economic point of 
view, the process would be profitable only with economic 
incentives. However, considering also the costs associated 
to health and environmental damages due to an improper 
disposal of harmful substances such as Cadmium, it is 
evident the need to develop and implement recycling 
process that will be able to address the amount of PV 
waste in the coming years. In designing those processes, 
the entire life cycle of the panels will have to be taken into 
account, to limit at the lowest level possible the 
environmental impact of the recycling phase, so to make 
the PV a real green technology. The prosecution of this 
research will focus on a more accurate definition of data 
such as the total cost of recycling and the landfill disposal 
in order to define the steps of the process that can be 
optimized with a further reduction of their environmental 
impact and their costs. A series of actions to decrease the 
expenses associated to the different treatments is being 
elaborated and they will be tested in the next months. The 
final aim will be to design the most economic e low 
impact recycling process of thin film PV panels. 
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