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1 

INTRODUCTION 

 

Due to new energy policies, the current cost of fossil fuels and environmental 

reasons related to the use of them, renewable energies can make a good choice. 

Among other reasons, the use of renewable energy is greater respect for the 

environment; does not pollute and is the cleanest alternative energy so far; generates jobs 

and makes the region more autonomous, as it develops in the same region where it is 

installed, industry and economy. 

Among the renewable energies, it is necessary to highlight photovoltaic technology, 

which will be  the technology developed in this project, in particular, amorphous silicon 

solar panels will be studied. 

We will start by an overview of the various existing photovoltaic technologies, and 

the various applications they have. Once done it, the rest of the thesis will be developed on 

the amorphous silicon solar panels. 

In the second section we will do a development of each and every one of the phases 

of the product, from the extraction of raw materials to the end stage of life (whether 

recycling, reuse or landfill). 

The main purpose of the thesis is to determine the sustainability of the production of 

amorphous silicon solar panels. To do this, we will use the LCA study, which allows 

assessing what stage the product is the one which has the biggest environmental impact. 

Therefore, in the third chapter there will be a little approach to the concept of LCA 

and a "State of Art" referred to the various LCA made so far, of this technology. 

Finally, in the fourth chapter, we will make a LCA study using SimaPro software. 

For the same assembly, the same solar panel, different waste scenarios will be studied. 

The results of this study indicate which product phases have a bigger environmental 

impact and therefore, this serve as a starting point for changes in the production process, to 

make the process a sustainable one. 
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CHAPTER 1. PHOTOVOLTAIC TECHNOLOGIES 

The availability of energy in the world has become a crucial problem, since the 

societies, regardless of the level of development where they are, are affected by growing 

demands required to meet their goals.  

The supply of energy is undergoing a transition, starting from its initial dependence 

on hydrocarbons to energy applications towards more diversified energy applications, 

which imply a better use of different renewable energy sources at our disposal.  

Among the various existing natural energy sources, the sun is an inexhaustible source 

of resources for the man. It provides power clean, abundant and it is available in most of 

the surface. Therefore, it can give us the energy needed to avoid environmental problems 

treatment of conventional resources, such as oil, nuclear and other alternative energy 

sources. 

But, how is photovoltaic energy produce? How many technologies are nowadays 

available? Which applications have each one? These will be some of the different issues 

that are answered in this chapter. 

1.1. Basics of photovoltaic power generation [1] 

Energy from the sun can be used in three main ways, and it is important to 

distinguish between these three types: passive heat, solar thermal and photovoltaic energy 

(PV).  

Passive heat is the heat that we receive from the sun naturally. This can be taken into 

account in the design of building so that less additional heating is required. 

 Solar thermal energy is the result of using the sun’s heat to provide hot water for 

homes or swimming pools (also heating systems). 

Finally, when the energy of the sun is used to create electricity to run appliances and 

lighting, we are talking about photovoltaic energy. A photovoltaic system requires only 

daylight, not direct sunlight, to generate electricity. A photovoltaic system therefore does 
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not need bright sunlight in order to operate. It can also generate electricity on cloudy days. 

Due to the reflection of sunlight, slightly cloudy days can even result the higher energy 

yields than days with a completely cloudless sky. 

“Photovoltaic” is marriage of two words: “photo” from Greek roots, meaning light, 

and “voltaic” from “volt”, which is the unit used to measure electric potencial at a given 

point. Thus, the term photovoltaic literally means “electricity from light”. Photovoltaics is 

the technology that allows to produce electricity by direct conversion of sunlight without 

the use of fuel and no moving parts are involved. It is possible because of the use of a cell 

to convert solar radiation into electriciy. The cell consists of one or two layers of a semi-

conducting material. When light shines on the cell it creates an electric field across the 

layer, causing electricy flow. The greater the intensity of the light, the greater the flow of 

electricity is. 

The most common semiconductor material used in photovoltaic cells is silicon, an 

element most commonly found in sand. There is no limitation to its availability as a raw 

material; silicon is the second most abundant material in the earth’s mass. 

Today, modern technology gives us the tools needed to get electricity directly from 

sunlight. PV, however, can not replace 100% of the production of electricity needed 

because the source that feeds it is not still 24 hours on 24, but can make a great 

contribution by limiting increases in electricity generation by burning coal, oil and gas, and 

greatly reducing the emission of substances harmful to helth and the environment. [2]
 
  

1.1.1. Photovoltaic effect. Solar cell. 

The smallest unit that converts sunlight directly into electrical energy is the 

photovoltaic cell, comprising a semiconductor material specially treated and very thin 

wafers (200 μm -350 μm if it is microcrystalline and 20-30 μm if it is thin film 

technology). The photovoltaic cell is substantially a diode, a PN junction between two 

semiconductors P and N. This junction is formed by contacting two crystals, one of which 

contains trivalent atoms (eg. boron), while the other contains pentavalent atoms (e.g. 

phosphorus). The crystal of the P type, containing trivalent atoms, present in the lattice 

gaps, while the N-type with the atoms pentavalent presents in more electrons. Gaps and 

electrons are free to move in the lattice by diffusion. At the interface between the two 

crystals, the electrons of the crystal N spread to the crystal P (and vice versa for the gaps), 
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forming a space charge region (with the "+" on the N type and the "-" on the P type), which 

lack the mobile carriers of charge. The process stops when the electric field is generated 

that counteracts the motion of diffusion. The photons of light radiation, provided of 

sufficient energy, create pairs of electron/hole. In the presence of the electric field junction, 

electrons are attracted to the area N, positively charged, and the gaps towards the area P, 

negatively charged. Such motion of charges is the origin of the photovoltaic current. [2]
 
 

This effect could be sawn in the Figures 1.1.1.1 and 1.1.1.2.  

 

Figure 1.1.1.1. Photovoltaic effect  [3] 

 

 

        Figure 1.1.1.2.  Photovoltaic effect [3] 

1.1.2. Development of technology [4] 

The first silicon solar cell was developed at Bell Laboratories in 1954 by Chapin et 

al. It already had an esciency of 6% which was rapidly increased to 10%. Themain 
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application for many years was in space vehicle power supplies. Solar cell technology 

benefited greatly from the high standard of silicon technology developed originally for 

transistors and later for integrated circuits. This applied also to the quality and availability 

of single crystal silicon of high perfection. 

 In the first years, only Chochralski grown single crystals were used for solar cells. 

This material still plays an important role. Polycrystalline material in the form of fragments 

obtained from highly purified polysilicon is placed in a quartz crucible which itself is 

located in a graphite crucible and meltedunder inert gases by induction heating. A seed 

crystal is immersed and slowly with drawn under rotation. 

For solar cells, as well as for all other devices the crystal rods are separated into 

wafers of 0.2-0.5 mm thickness by sawing. This is a costly process because silicon is a 

very hard material which can only be cut with diamond tools. The standard process was the 

inner diameter (ID) saw where diamond particles are imbedded around a hole in the saw 

blade. A further disadvantage of this process is that up to 50% of the material is lost in the 

sawing process.  

Specially, for solar cell wafers a new process was developed, the multi-wire. A wire 

of several kilometers in length is moved across the crystal in an abrasive suspension, whilst 

being wound from one coil to another. In this manner thinner wafers can be produced and 

sawing losses are reduced by about 30%. It is interesting to note that wire saws are now 

also used for other silicon devices, an example of synergy in this field. As the cost of 

silicon is a significant proportion of the cost of a solar cell, greate efforts have been made 

to reduce these costs.  

One technology which dates back to the 1970s is block casting which avoids the 

costly pulling process. Silicon is meltedand poured into a square graphite crucible. 

Controlled cooling produces a polycrystalline silicon block with a large crystal grain 

structure. The grain size is some mm to cm and the silicon blocks are sawn into wafers by 

wire sawing as previously mentioned.. 

Cast silicon is only used for solar cells. It is cheaper than single-crystal material but 

yields solar cells with a somewhat lower esciency. An advantage is that the blocks can be 

manufactured easily into square solar cells in contrast to pulled crystals which are round. It 

is much easier to assemble multicrystalline wafers into modules with nearly complete 
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utilization of the module area. Thus the lower esciency of cast material tends to disappear 

at the module level.  

A thin film material which very early appeared on the market is amorphous silicon 

(a-Si). The first amorphous cells were produced in 1976 by Carlson. In spite of their 

relatively low esciency and problems with degradation they found their own market in 

consumer products. They are still considered as a good option for future low-cost solar. 

In spite of the complicated manufacture and the high cost, crystalline silicon still 

dominates the market today and probably will continue to do so in the immediate future. 

The market shares of diferent technologies. The various forms of crystalline silicon have 

together a share of 86%. Single crystal and cast poly material have about equal share. 

Recently cast material has surpassed single crystals.  

Newer types of crystalline silicon like ribbon and a-Si film are not yet very 

important. Of the true thin film materials which are summarized as others, a amorphous 

silicon is dominant. As mentioned before, its market it mainly in consumer products. These 

market shares are rather stable and change only in an evolutionary manner. The dominance 

of the element silicon in its crystalline and amorphous form is an overwhelming 99%. Of 

all the other materials only CdTe has a market share. 

Today's photovoltaic market is characterized by the following trends: 

- Slow but steady improvement of conversion esciency. 

- Slow reduction of the cost of modules and systems. 

- Uncertain supply base of polycrystalline raw material. 

In this context the importance of conversion esciency will be discussed. It could be 

argued that esciency is not important, provided the cells very cheap but reality has 

demonstrated that solar cells should have a minimum esciency of about 10% in order to be 

useful. This has to do with area-related cost which is a large part of systems cost. The solar 

cells have to be hermetically encapsulated in modules which are held in support structures 

and require electric wiring. All these factors depend on area and have strong influence on 

the cost of photovoltaic electricity. Therefore, both in research laboratories and in 

manufacturing, improvement of esciency is a high priority. The best laboratory esciency 

for single-crystal silicon is today 24.5%. This esciency can only be realized with very 

elaborate technology. Experience has shown that progress in laboratory esciency leads to 
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improvement in production with a certain time delay. The best production cells now have 

an esciency of 15-16%.  

Photovoltaics is an energy source with a large potential but it is today much too 

expensive to be competitive with grid electricity. Most of today's production goes into two 

big market sectors, grid connected installations in industrial countries and off-grid systems 

in developing countries. Both sectors are heavily dependent on subsidies, the former for 

economic reasons, the latter because the potential customers lack the capital for the 

investment. Because of its high potential the market is hotly contested and new companies 

are entering steadily. It is significant that several large oil companies have now established 

firm footholds in photovoltaics. Indeed, a recent study of possible future energy scenarios 

up to the year 2060 that was published recently by the Shell company predicts a 

multigigawatt energy production by renewable energies including photovoltaics.  

On the other hand, the strong competition leads to very low-profit margins of most 

participants of this market. A big question mark for the future is the source of highly 

purified silicon for solar cells. Fifty per cent of the cost of a module is due to the cost of 

processed silicon wafers. The PV industry has in the past used reject material from the 

semiconductor industry that was available at low cost. This created a dependence that is 

only viable if both sectors grow at the same rate.  

An additional problem is that the semiconductor market is characterized by violent 

cycles of boom and bust superimposed on a relatively steep growth curve. In boom times 

the materials supply becomes tight and prices increase. This happened only last year when 

even reject material was in short supply and some solar cell manufacturers had to buy 

regular semiconductor grade material at relatively high cost. One of the keys for cost 

reduction is to reduce the silicon content of the product. Present lines of approach are 

reduction of kerf loss by wire sawing and use of thinner wafers. The most advanced 

production lines use wafers of less than 0.2 mm thickness. Thinner wafers are also 

desirable because if the right technology is used, esciency is increased. If the present 

standard technology is to continue its dominance a dedicated solar grade silicon will have 

to be developed.  

Efforts to produce such material have been undertaken in the past but were not 

successful for two reasons:  



Chapter 1. Photovoltaic technologies 

8 

- Purity requirements for solar silicon are very high because photogenerated carriers 

have to be collected over large distances in such solar cells. This demands high 

carrier lifetimes and therefore an extremely low concentration of relevant 

impurities. This situation is aggravated by the continued development towards 

higher esciencies.  

- Solar-grade manufacture is only economical with large-scale production. The 

present market would have to grow by about another factor of five in order to 

justify such manufacture.[5] 

Present status and future perspectives 

In the next figure (Figure 1.1.2.1; Figure 1.1.2.2. and Figure 1.1.2.3.) the present 

perspectives of photovoltaic can be sawn. 

 

Figure 1.1.2.1. Technology goals and key R&D issues for crystalline silicon 

technologies [6] 

 

Figure 1.1.2.1. Technology goals and key R&D issues for thin film technologies[6] 
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Figure 1.1.2.1. Prospects and key R&D issues for conentrating PV emerging and 

novel technologies[7] 

1.2. Different technologies. Classification. 

Nowadays, there are lots of differents photovoltaics panels. Each one differs from 

each other because of the module production technology; type of module encapsulation, 

frame and array support; the module size and efficiency; BOS components; the 

photovoltaic system application type (grid connected or autonomous) and the photovoltaic 

systems performance characteristics.[8] 

Different classifications can be made depending on the classification factor. For 

example, according to the thickness there are two types of technologies (thin film and 

crystalline). However, if the classification is made in relation to the material, it will be 

distinguish between semiconductors (CdTe, GAS, CuInSe/CIS) and silicon, which  

depending on application, performance and manufacturing process can be classified as 

monocrystalline, polycrystalline and amorphous) 

Finally there is also another classification according to the generation of 

photovoltaic. It can be distinguished: 

- Cells I Generation (IG): Crystalline silicon (mono and poly), GaAs (space 

applications). High cost per unit power. 

- Cells II Generation (IIG): Crystalline silicon (optimized), amorphous silicon (thin 

film), a compound semiconductor (GaAs, CdTe, CIS). Media Effectiveness, cost 

per unit of output remains high. 

- Cells III Generation (IIIG): multi-junction, quantum structures, polymeric organic 

dye, concentration. Exceed the theoretical limit of efficiency for semiconducting 
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single cells (≈ 31%) and tend to that thermodynamic for electrical conversion of 

solar energy (≈ 87%). 

Then, there is a brief explanation of the different technologies based on the 

classification presented in Figure1.2.1. 

 

 

Figure 1.2.1. Classification of photovoltaic technology 

1.2.1. Silicon based technolgies 

Silicon is the most common material used for the production of photovoltaic cells 

(more than 90% of the modules on the market are silicon). Immediately after the oxygen, is 

the most abundant element on the ground but in reality this material does not exist in a 

pure form but only in the form of silicon oxide (SiO2) or of compounds containing Si as 

the sand, quartz and clay.  

The silicon is first mined and then is made pure through several chemical processes. 

However, there are various degrees of purity for the photovoltaic industry established the 

degree of purity should be 99.9999% (solar grade silicon).  

Used in the photovoltaic industry is in its crystalline form (mono, poly and ribbon 

sheet) and the amorphous, that will be explained after in the same chapter.[2] 

Crystalline silicon technology 
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Crystalline silicon is still the mainstay of most PV modules. Although in some 

technical parameters it is not the ideal material for solar cells, it has the benefit of being 

widely available, well understood and uses the same technology developed for the 

electronics industry.  

Efficiencies of more than 20% have been obtained with silicon cells already in mass 

production. This means that 20% of the incoming insolation can be transferred into 

electricity. As well as the efficiency of the solar cells, their thickness is also an important 

factor.  

Wafers, very thin slices of silicon, are the basis for crystalline solar cells. Thinner 

wafers mean less silicon needed per solar cell and therefore lower cost. The average 

thickness of wafers has been reduced from 0.32 mm in 2003 to 0.17 mm in 2008. Over the 

same period, the average efficiency has increased from 14% to 16%. By 2010, the aim is to 

reduce wafer thickness to 0.15 mm whilst increasing efficiency to an average of 16.5%. 

During wafer production, a significant amount of valuable silicon is lost as sawing slurry.  

Crystalline silicon cells are made from thin slices cut from single crystal of silicon 

(monocrystalline) or from a block of silicon crystals (polycrystalline), their efficiency 

ranges between 12% and 17%. This technology representing about 90% of the market 

today. 

The cell is obtained by cutting an ingot that is created by the fusion of the crystals of 

silicon technology used for the formation of the ingot allows you to create a silicon 

monocrystalline or polycrystalline (or multicrystalline).  

The first is characterized by a unique and very orderly crystalline structure and the 

silicon that composes it has a degree of purity greater. The monocrystalline cells generally 

allow to obtain the efficiency values slightly higher than polycrystalline cells, however, 

have an octagonal shape (square with rounded corners) as they are cut from an ingot move 

from a particular processing method defined Czochralsky. This processing has the negative 

effect the production of a greater quantity of waste during processing and also the shape of 

the cell does not allow exploiting the whole area of the photovoltaic module.  
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Figure 1.2.1.1. Mono-Polycrystalline silicon cells production  

Polycrystalline-Multycrystalline 

The polycrystalline silicon is characterized instead by a disordered crystal structure, 

the cell efficiency is slightly lower, but allows a greater use of the material and area of the 

module, thus providing a better aesthetic result. The average thickness of the cells is from 

about 0.17 to 0.32 mm, this is a limit imposed mainly by the technique of cutting the ingot 

of silicon. The possibility to obtain cells with a thickness of less would allow obtaining 

more cells to a same amount of semiconductor material with the consequent decrease of 

the cost of the modules.  

During the process of production of the module, the tests begin already on the ingot 

through inspections depth in order to verify the quality, the life time of the charges and the 

resistivity of the silicon block. Via a chemical process of doping is generated in the cell a 

PN junction. This junction, when exposed to a light source, is able to generate an electric 

current. In order to obtain high quality of the cells, all with the same characteristics as both 

electrical and mechanical properties, as well as a constant gradation of color and the same 

size, it is necessary that the production process is highly automated. Consider also that, as 

mentioned, the thickness of the cell is only 0.1-0.2 mm, and then we are in presence of a 

very fragile foil which, if not handled with care, it might also be affected by failure or 

cracking during the normal operation over the years, thus reducing the energy production 

of the module. It is therefore conceivable that the cells can be assembled by hand without 

the aid of specific automated machinery is necessary to have the certainty that the cell has 

not undergone trauma that could cause breakage. A key issue during the various processes 
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of cutting, polishing, cleaning and doping of the cell is then given by the controls: after 

each process, the cell must pass a quality control optical certifying that the success of the 

work performed. 

Ribbon sheets (ribbon-sheet c-Si) 

Ribbon sheet technology represents an alternative approach. This avoids sawing loss 

by producing thin crystalline silicon layers using a range of techniques, such as pulling thin 

layers from the melt, or melting powdered silicon into a substrate. As sawing procedures, 

and the material losses linked to them, are avoided, the demand for silicon per watt of 

capacity can be reduced significantly. 

1.2.2. Thin film 

Thin film modules are constructed by depositing extremely thin layers of 

photosensitive materials onto a low-cost backing such as glass, stainless steel or plastic. 

This results in lower production costs compared to the more material-intensive crystalline 

technology, a price advantage which is currently counter balanced by substantially lower 

efficiency rates.  

Three types of thin film modules are commercially available at the moment. These 

are manufactured from amorphous silicon (a-Si), copper indium diselenide (CIS, CIGS) 

and cadmium telluride (CdTe).  

All of these have active layers in the thickness range of less than a few microns. This 

allows higher automation once a certain production volume is reached, whilst a more 

integrated approach is possible in module construction.  

The process is less labour-intensive compared to the assembly of crystalline 

modules, where individual cells have to be interconnected. A temporary shortage of silicon 

has also offered the opportunity for increasing the market share of thin film technologies. 

Several new companies are working on the development of thin film production 

based on a roll-to-roll approach. This means that a flexible substrate, for example stainless 

steel, is coated with layers in a continuous process. The successful implementation of such 

a production method will offer opportunities for significantly higher throughput in the 

factory and lower costs 
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Among the three commercially available thin film technologies, a-Si is the most 

important in terms of production and installation, with 5.2% of the total market in 2007. 

Multicrystalline thin film on glass (CSG) is a promising thin film technology which is now 

entering industrial production. Microcrystalline technology, in particular the combination 

of amorphous silicon and microcrystalline silicon (a-Si/m-Si), is another approach with 

encouraging results. 

The production of thin film cells was born around 1990. The method used is the 

application of a thin layer of semiconductor material on a substrate (in most cases of glass) 

through processes of vaporization, spray or electrolytic tanks. The currently most 

commonly used semiconductor materials are amorphous silicon, micro-crystalline silicon, 

CIS (copper indium diselenide) and CdTe (Cadmium telluride). The main motivation of 

the use of thin film technology is the reduced use of semiconductor material, 1-2 uM 200 

uM against the normal cells of the lens. It is also necessary to consider the lower cost of 

production processes and the possibility of having transparent modules for roofing and 

facade. The thin film was until now underestimated for efficiency, certainly less than the 

monocrystalline or polycrystalline to, however, the thin-film cells have the advantage of 

better tolerate the shading and be less affected by temperature than the silicon cells. 

Amorphous silicon (a-Si) 

The amorphous silicon (a-Si) is characterized by disordered motion in which the 

atoms or molecules are bound to each other. Using the amorphous silicon can not speak of 

cells, since it is of thin layers of amorphous silicon applied on surfaces larger than normal 

cells. The amorphous silicon is currently the most common material used after the 

crystalline silicon. However, the efficiency of the thin film of amorphous silicon is still 

very low. There are various types in production, including amorphous silicon single (a-Si), 

already used to power calculators and watches, and amorphous silicon micro-crystalline 

silicon + (a + μ-Yes-Yes). Using more surfaces of different materials is obtained, in fact, a 

wider spectrum of the absorbent level of the light with possibility to exploit more photons 

by increasing the efficiency of the module. 

Amorphous silicon (a-Si:H) 

Amorphous silicon (a-Si:H) is deposited most commonly by RF (13.56MHz) 

plasmaenhanced- chemical-vapor deposition (PECVD) or glow-discharge deposition. 



Chapter 1. Photovoltaic technologies 

15 

However, VHF (70 MHz) and microwave frequencies or hot wire deposition are 

sometimes used and carry considerable promise for increasing the deposition rate. These 

excitation modes are used to dissociate the precursor gases (SiH4, GeH4 and dopant 

molecules such as PH3, B2H6) to provide more reactive radicals such as SiH2. Substrate 

temperature during deposition is a modest 150 1C or less allowing a wide range of 

substrate materials—sodalime glass, stainless steel foil, and polyimides. a-Si:H solar cells 

exhibit the well-known Stabler–Wronski instability related to weakly bound H which 

terminates some of the unsatisfied or dangling bonds in the amorphous structure. This 

leads to a decrease from initial solar cell performance, which, however, stabilizes after 

about 1000 h of one-sun light soak. For single junction, n–i–p, devices this may be as 

much as a 10-30% decrease but for double- or triple-junction devices with thinner absorber 

layers, this typically is less at 10–15%. The technology of a-Si:H fabrication has become 

quite sophisticated so that spectrumsplitting, triple junction cells are manufactured in large 

quantities (14MW in 2004 by United Solar) in a roll-to-roll process about 30 cm by 2 km. 

The intrinsic layer of the top junction is a-Si:H. The intrinsic layer of the middle junction is 

typically alloyed with Ge (a-Si:Ge:H) and the bottom cell has typically a heavier Ge 

composition. Note that the layers of the top device(s) are typically deposited thin enough to 

allow some aboveband gap light to reach the middle and bottom cells to provide current 

matching. Thus, the effective band gap of the cells typically does not absorb all of the 

above-band gap light in each cell. Note also that the devices are series interconnected 

through very thin, heavily doped recombination junctions (n+/p+), which may involve 

nanocrystalline structure. Thus the materials science and technology of a-Si:H solar cells is 

well advanced although many challenging issues remain. One of the key issues is to raise 

the PECVD deposition rate while maintaining high materials quality to be able to reduce 

the size of the required deposition systems for commercial production.  

Cells to Cadmium telluride (CdTe)  

CdTe have the advantage of being able to be realized with simple processes and with 

good performance, especially in the case of irradiation, exposure and inclination is not 

optimal. 

CdTe cells are unusual in the wide range of deposition methods that have been used 

successfully. Close-spaced sublimation (CSS), vapor-transport deposition (VTD), 
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electrodeposition, organometallic CVD, screen printing, and magnetron sputtering have all 

been used to produce cells with efficiencies above 12%. CdTe has reached champion cell 

efficiencies of 16.5%, about 3% lower than CIGS. These champion cell results have been 

obtained at NREL using borosilicate glass substrates, a high transparency and high 

mobility TCO, Cd2SnO4, together with an intermediate resistance interfacial layer 

(Zn2SnO4) before the n-CdS and p-CdTe heterojunction. The NREL group has used, 

typically, chemical-bathdeposited CdS and 8–10 mm thick CdTe with deposition 

temperature near 600 1C. Unfortunately, this deposition temperature is too high for large-

area, soda-lime glass substrates needed for commercial manufacturing. The best cells on 

3mm soda-lime glass with commercial TCO (SnO2:F) are 12–14%. First Solar, LLC, in 

2004 produced 6mW of fully interconnected 0.8m2 modules, and has announced plans to 

triple production from the current rate of 20–25MW/y to 70MW by mid-2007. If 

successful, this will probably make the company the largest producer of thin-film solar 

panels and it will have reached volumes competitive with some of the larger Si-wafer-

based module manufacturers. 

Copper indium/gallium diselenide/disulphide (CIS, CIGS) 

The materials used for the deposition of the layer are defined CIS (indium diselenide 

and copper) or CIGS (indium diselenide, copper and gallium). This thin film technology is 

the most promising from the point of view of efficiency: in the laboratory, in fact, the yield 

of the modules can reach 13%. The limits are due to poor availability, toxicity of some 

components and to the high production costs. 

CIGS Copper indium gallium diselenide (CIGS) and CdTe are utilized in 

polycrystalline thin film form. They have many aspects in common including that these 

absorber layers are weakly p-type and are used together with n-CdS forming a 

heterojunction-type solar cell. The wider band gap CdS (Eg ¼ 2.4 eV) serves as the best 

window layer for both and is typically used with a transparent conducting oxide that serves 

as the electrode and electron collector. However, a major difference between the two types 

of cells is order of deposition of the layers. The CIGS is typically deposited on a 

molybdenum (Mo)-coated substrate (glass, stainless steel or polyimide) with the CdS and 

TCO deposited last. However, the CdTe device is deposited in the inverted order with 

glass/TCO/CdS/CdTe/back contact. This difference is unusual but appears to be driven by 
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the difficulty of achieving a robust, low-resistance contact to CdTe. Thus in the normal or 

preferred fabrication process used for Si cells and for CIGS, the junction is created as one 

of the final fabrication steps. This allows the use of relatively low temperature processing 

so that chemical interdiffusion across metallurgical interfaces as well as dopant diffusion 

can be carefully controlled. For the superstrate type device such as CdTe, the inverted 

fabrication process allows a wide range of processes to be used for the difficult back-

contact fabrication. The development of state-of-the-art champion CIGS cells has 

advanced steadily over the past 25 years beginning with about 6% efficient cells at the 

University of Maine and at Boeing and continuing with a series of advances at NREL, 

culminating in the development of cells with AM1.5 efficiency of 19.6%. Typically a co-

evaporation process is used with four Knudsen cell sources (Se, Cu, In, and Ga) and 

substrate temperature of about 550 1C. High quality cells generally require considerable 

adjustments in the source fluxes during the absorber formation. The best cells are formed 

in a three-step process, always in the presence of excess Se vapors, in which In and Ga are 

deposited on the Mo first at relatively low temperature, then a Cu deposition at high 

temperature followed again by a Cu-poor, In and Ga-rich regime at high temperature. 

Considerable interdiffusion occurs during the film growth so that the result is an absorber 

layer, which has gradients in carrier density and in band gap from back contact to front 

heterojunction. Another common deposition scheme utilizes a selenization of the metals 

(Cu, In, Ga), which are co-deposited in an earlier step, such as by sputtering or possibly 

nanoparticle precursors. Recently there have been some advances in understanding the 

manner in which grain boundaries are passivated in these films. It appears to be closely 

related to the presence of Cu-deficient regions near grain boundaries which give rise to 

band bending, repulsion of one type of carrier, and hence reduced electron–hole 

recombination. Although the development of a commercial process began almost two 

decades ago, it is only recently that some commercial success in production of CIGS 

modules has been achieved. But the commercialization of CIGS has recently lagged that of 

CdTe. The major producers of CIGS modules are: Shell Solar, Wuerth Solar, and Global 

Solar). 

Multi junction cells (a-Si/m-Si)//Tandem structures in the chalcogenide solar cells 

Thin-film a-Si modules now regularly use double or triple junction structures as do 

high efficiency, III–V solar cells. This is an objective envisioned for the polycrystalline 



Chapter 1. Photovoltaic technologies 

18 

thin films as well. In the II–VI semiconductor materials, alloys of CdTe with Zn, Mn, and 

Mg are being studied for possible top junctions and HgCdTe for bottom junctions. In the 

chalcopyrite materials, wider gap alloys obtained by substitution of the In with Ga, or with 

Ga and Al are under active study. Alternatively, substituting S for some of the Se will also 

raise the band gap. 

Coutts et al. have analyzed the performance of tandem (two junction) cells and 

shown that the optimum efficiency for the AM 1.5 spectrum occurs with a top cell of1.7 

eV and a bottom cell of 1.1 eV. These band gaps are tightly constrained, for two-terminal 

cells, by the need to match photogenerated currents in the top and bottom cells. On the 

other hand, one of the simplest structures to conceptualize is the four-terminal tandem 

fabricated from a superstrate structure CdTe cell on top (1.5 eV) and a substrate structure 

bottom cell of CIS (1.1 eV). Four terminals obviate the need for current matching but 

introduce other fabrication difficulties. Chief among these is the need to fabricate a 

transparent back contact to the CdTe cell, which is difficult enough to contact with opaque 

materials such as copper-doped graphite or metals. Top and bottom cells likely would each 

need a grid for current collection and careful grid alignment would be a necessity. 

However, no additional glass encapsulation would be needed since these two structures 

already have glass on the outside. In addition, both cells (modules) can be independently 

fabricated under conditions optimized for each. The principal challenge is the fabrication 

of the transparent back contact to CdTe. Wu et al. have recently demonstrated a 15% four-

terminal device based on CdTe and CIS. The ideal tandem (two) junction monolithic cell 

for the AM1.5 spectrum calls for a top cell with band gap of 1.770.1. For both II–VI alloys 

and I–III–VI2 chalcopyrite alloys, the materials quality appears to degrade for the alloy 

combinations yielding EgX1.7 eV. For the chalcopyrite materials it has been suggested that 

a defect state or band lying about 0.8 to 0.9 eV above the valence band serves as a strong 

recombination center. As the band gap increases to put this recombination center at mid-

gap, this center strongly reduces the minority carrier lifetime and hence the solar cell 

performance. In the case of the CdTe alloys with EgE1.7 eV, the materials are very 

difficult to process through the CdCl2 treatment without disrupting the stoichiometry. This 

CdCl2 treatment appears to be a critically important step in passivating grain boundaries 

and in activating adequate numbers of acceptor states. [9] 
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The following figure summarizes some of the main characteristics of the different 

types of technologies of crystalline silicon and thin film. 

 

Table 1.2.2.1 Main characteristics of the different PV technologies 

1.2.3. Other cell type. New concepts [1] 

There are several other types of photovoltaic technologies developed today starting 

to be commercialised or still at the reseach level. The main ones are: 

Concentrated photovoltaic 

Some solar cells are designed to operate with concentrated sunlight. These cells are 

built into concentrating collectors that use a lens to focus the sunlight onto the cells. 

Concentrator cells work by focusing light on to a small area using an optic concentrator 

such as a Fresnel lens, with a concentrating ratio of up to 1,000. The small area can then be 

equipped with a material made from III-V compound semi-conductors (multi-junction 

Gallium Arsenide type), which have efficiencies of 30% and in laboratories of up to 40%. 

The two main drawbacks with concentrator systems are that they cannot make use of 

diffuse sunlight and must always be directed very precisely towards the sun with a tracking 

system. 

The main idea is to use very little of the expensive semiconducting PV material 

while collecting as much sunlight as possible. Effinciencies are in the range of 20 to 30%. 

This technology is based on the principle of concentrating the light to small multi-

junction cells. Given the intense heat that develops cells need of gallium arsenide (GaAs). 
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The concentration is obtained by Fresnel lenses which today reached concentration factors 

up to a thousand suns. With this technology you get up to 40% efficiency of the cell. Given 

the small dimensions of the cells, the cost of the semiconductor is drastically reduced. The 

limitations of this technology are due to the need for a system of solar tracking the more 

complex the higher the level of concentration and the need of direct sunlight. They are 

recommended for very sunny areas, such as Southern Italy.   

 

Figure 1.2.3.1. Concentrated photovoltaic 

http://solar.calfinder.com/blog/products/semiconductor-company-dives-headfirst-

into-solar-industry/ 

Flexible cells 

Bases on a similar production process to thin film cells, when the active material is 

deposited in a thin plastic, the ell can be flexible. This opens the range of applications, 

especially for building integration (roofs-tiles) and end-consumer applications. 

 

Figure 1.2.3.2. Flexible solar cell 

Cells organic / hybrid 
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Are under study and technological maturity organic solar cells "Dye sensitized" 

DSSC use electrochemical processes similar to those of photosynthesis of leaves. The 

photoelectric active part consists of an organic pigment, from titanium oxide (TiO2) and by 

an electrolyte. Melanin (organic compound) absorbs UV radiation (not useful for 

photovoltaic conversion), " recovering " light in the visible, and therefore useful for the 

photovoltaic effect. 

 

Figure 1.2.3.3. Organic solar cell 

http://www.ecofriend.com/organic-solar-cells-revolutionize-solar-industry.html 

Cells Nanowires 

In order to increase the conversion efficiency are being studied photovoltaic cells 

consist of nanowires. The nanowires, microscopic structures similar to the "filaments", act 

on cells. Have a low reflection coefficient, and therefore are able to trap a large part of the 

solar radiation useful photovoltaic effect. They can be "reinforced" with insulating resins. 

1.3. Applications of the different photovoltaic technologies [1] 

The Photovoltaic technology can be used in several types of applications: 

1.3.1. Grid-connected domestic systems 

This is the most popular type of solar PV system for homes and businesses in 

developed areas. Connection to the local electricity network allows any excess power 

produced to feed the electricity grid and to sell it to the utility. Electricity is then imported 

from the network when there is no sun. 

An inverter is used to convert the direct current (DC) power produced by the system 

to alternative current (AC) power for running normal electrical equipment 

1.3.2. Grid-connected power plants 

These systems, also grid-connected, produce a large quantity of photovoltaic 

electricity in a single point. The size of these plants range from several hundred kilowatts 



Chapter 1. Photovoltaic technologies 

22 

to several megawatts. Some of these applications are located on large industrial buildings 

such as airport terminals or railway stations. This type of large application makes use of 

already available space and compensates a part of the electricity produced by these energy-

intensive consumers. 

 

Figure 1.3.2. Large photovoltaic power plant in Bavaria 

1.3.3. Off-grid systems for rural electrification 

Where no mains electricity is available, the system is connected to a battery via a 

charge controller. An inverter can be used to provide AC power, enabling the use of 

normal electrical appliances. Typical off-grid applications are used to bring access to 

electricity to remote areas (mountain huts, developing countries). Rural electrification 

means either small solar home system covering basic electricity needs in a single 

household, or larger solar mini-grids, which provide enough power for several homes. 

 

Figure 1.3.3. Off-grid application in South America 
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1.3.4. Hybrid systems 

A solar system can be combined with another source of power - a biomass generator, 

a wind turbine or diesel generator - to ensure a consistent supply of electricity. A hybrid 

system can be grid-connected, stand-alone or grid-support. More information is available 

on 

 

Figure 1.3.4. PV wind hybrid system 

1.3.5. Consumer goods 

Photovoltaic cells are used in many daily electrical appliances, including watches, 

calculators, toys, battery chargers, professional sun roofs for automobiles. 

Other applications include power for services such as water sprinklers, road signs, 

lighting and phone boxes. 

 

Figure 1.3.5. Sun roof system used to cool down the car 

1.3.6. Off-grid industrial applications 

Uses for solar electricity for remote applications are very frequent in the 

telecommunications field, especially to link remote rural areas to the rest of the country. 

Repeater stations for mobile telephones powered by PV or hybrid systems also have a large 

potential. 
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Other applications include traffic signals, marine navigation aids, security phones, 

remote lighting, highway signs and waste water treatment plants. These applications are 

cost competitive today as they enable to bring power in areas far away from electric mains, 

avoiding the high cost of installing cabled networks. 
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CHAPTER 2. STATE OF ART PRODUCTION OF 

AMORPHOUS SILICON SOLAR PANELS 

In the previous chapter the most general features of all types of photovoltaic 

technologies were explained. However, once made this general description, the rest of the 

thesis will be based on amorphous silicon technology. 

This chapter will be an approach to the study of the entire life cycle of an amorphous 

silicon solar panel. To do this, we will study all of the product phases, from raw material 

extraction to final disposition (reuse, recycling or disposal). 

The technology selected is still in full evolution and development. Therefore, 

detailed information is difficult to find some processes or phases of its production. 

2.1. Raw material 

The Photovoltaic (PV) industry is still in its infancy and at the moment it is very 

difficult to predict which technical, economic and social patterns its deployment will 

follow before reaching maturity. However, if photovoltaic are to become a major energy 

source in the future, it is appropriate to question which materials and which natural 

elements are critical to secure the long-term sustainability of this energy source. This is 

particularly valid for the semiconductor materials whose band gap has to perform the 

efficient conversion of sunlight to electricity. The recent history of photovoltaic (from the 

1950s) reveals an intense activity of research and development embracing a broad range of 

disciplines and leading to a healthy multitude of innovations. Organic versus inorganic 

semiconductors, intrinsic versus extrinsic semiconductors, homojunctions versus 

heterojunctions and amorphous versus crystalline structures are a few dilemma that new 

research achievements steadily bring to the scientific and industrial community.  

2.1.1. Silicon. [10] 

Silicon (Si) is the second member in the Group IVA in the periodic system of 

elements. It never occurs free in nature, but in combination with oxygen forming oxides 

and silicates. Most of the Earth’s crust is made up of silica and miscellaneous silicates 
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associated with aluminum, magnesium and other elements. Silicon constitutes about 26% 

of the Earth’s crust and it is the second most abundant element in weight, oxygen being the 

largest. Vapor deposition below 500.C results in amorphous silicon. If reheated above this 

temperature, crystallization will occur. 

Silicon even when alloyed with small quantities of impurities is brittle. Shaping 

silicon for PV applications requires sawing and grinding. Microelectronic applications 

require polishing. These mechanical operations are very similar to those applied to glasses. 

2.1.2. Monosilane (SiH4)  

SH4is a key chemical compound for the production of amorphous silicon and the 

purification of silicon to semiconductor grade. Volatile silanes such as monosilane and 

chlorosilanes are extremely reactive in the presence of oxygen, water or moisture. They are 

also classified as hazardous chemical substances whose handling requires special care. 

Saturated long chain silanes, polysiloxanes as well as amorphous silica are known to be 

chemically inert and not toxic. Because of that they are widely used in pharmacy, food 

industry and cosmetics. The production of metallurgical silicon and electronic grade silicon 

has an environmental impact through energy consumption, associated with climatic and 

polluting gases principally CO2, NOx and SO2. However, it must be noticed that the 

corresponding nuisances and energy consumption involved in manufacturing and installing 

PV systems are “paid back” by the same system in the form of emission-free “green” 

electricity only after about four to five years of an average existence of more than 25 years. 

2.1.3. Current amorphous silicon feedstock to solar cells . Silane production. 

Monosilane (SiH4) is the source of silicon required for the deposition of silicon 

amorphous thin film in a glow discharge or low temperature plasma. Silane is mass-

produced by the Union Carbide (ASiMI) and Ethyl Corporation (MEMC) methods, which 

are described after in this chapter. The global annual output capacity is approximately 7000 

MT including minor volumes produced in Japan.  

Silane is available in quantities and purity exceeding the need of the PV market. 

Quantity and cost of silicon is of less importance for amorphous silicon since the specific 

consumption per watt output is 50 to 100 times less than that for crystalline silicon cells 

that is, 100 to 400 mg/W versus 10 to 20 g/W.[10] 
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The silane production process, as practiced industrially for over 30 years, dates back 

to an alternative energy development program sponsored by President Carter, administered 

by NASA.  While most manufacturers have had success with the process, improvements 

are available leading to lowered costs and higher quality product. 

It is true that the older TCS production process, commercialized by the Linde 

Division of Union Carbide in the late 1950's, will make a product that can be decomposed 

to polysilicon.  The purity of this product is suitable for solar silicon, aka photovoltaic 

silicon.  The silane process improves on the TCS process, resulting a higher purity product 

that has lower capital and operating costs.    So that product would be suitable for both 

solar and electronic use. 

MG silicon is reacted with hydrogen and STC in a fluidized bed reactor, to form TCS 

at 550°C.  The hot gases are quenched and the DCS/TCS/STC condensate separated from 

the hydrogen gas.  Hydrogen is recycled back to the hydrogenation reactor.  The condensed 

chlorosilanes are first stripped of non-condensible nitrogen and hydrogen, then the 

DCS/TCS distilled from the STC.  STC is recycled back to hydrogenation.  The DCS/TCS 

stream is distilled, with the tops product being redistibuted to a silane-rich mixture; and the 

bootms product being redistributed to a DCS-rich mixture (and recycled back to the second 

column).  In the fourth column silane is separated from all other compounds, the bottoms 

product being recycled back to the third column.  The silane tops product is distilled once 

more, to remove any trace amount of hydrogen, then sent to storage and anaylsis.  Upon 

verification of quality, it is vaporized and decomposed to make high purity polysilicon.  

 

Figure 2.1.2.1. Silane production [11] 
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The Union Carbide Process[10] 

Research on this process was initiated in 1976 after the international oil crisis. The 

US Government funded several projects with the objective of finding a route to 

inexpensive solar grade polysilicon. The Union Carbide process for silane production, with 

fluidized bed production of polysilicon, was selected for further funding. A schematic 

overview of the process is given in Figure 2.1.2.2. The main process steps are as follows: 

The hydrogenation of tetrachlorosilane through a mass bed of silicon metal is carried out in 

a fluidised bed reactor as already described by equation (2.1). The trichlorosilane is 

separated by distillation while the unreacted tetrachlorosilane is recycled back to the 

hydrogenation reactor.  

 

Figure 2.1.2.2 A schematic representation of the Union Carbide Polysilicon process 

The purified trichlorosilane is then redistributed in two separate steps through fixed 

bed columns filled with quarternary ammonium ion exchange resins acting as catalyst to 

both redistribution equations (2.1) and (2.2). 

2HSiCl3 = H2SiCl2 + SiCl4 (2.1) 

3H2SiCl2 = SiH4 + 2HSiCl3 (2.2) 

Products of (2.1) and (2.2) are separated by distillation. Tetrachlorosilane and 

trichlorosilane are recycled to the hydrogenation reactor and the first redistribution step 

(2.1), respectively. 
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The Ethyl Corporation Process [10] 

This process was developed by the US company Ethyl Corporation at the same time, 

in similar conditions and political context as the above-described Union Carbide process. 

Although managed differently, the outcome of both projects was similar in the sense that 

both shifted their focus from solar grade polysilicon and ended up as new commercial 

polysilicon processes serving the electronic industry. The Ethyl Corporation process is, by 

comparison with the Union Carbide processes, revolutionary in all aspects except the 

concept of purifying and decomposing a volatile silicon compound by pyrolysis. The first 

radical change was the choice not to use metallurgical grade silicon as the primary raw 

material for silane. The idea was to make use of silicon fluoride, which is a waste by-

product of the huge fertiliser industry. Tens of thousands of tonnes of silicon fluoride every 

year are available. This is potentially a very low-cost starting material. Silicon fluoride is 

hydrogenated to monosilane by metal hydrides such as lithium aluminium hydride or 

sodium aluminium hydride. 

2H2 + M+ Al = AlMH4,M being Na or Li (2.3) 

SiF4 + AlMH4 = SiH4 + AlMF4 (2.4)  

The production of metallurgical silicon and electronic grade silicon has an 

environmental impact through energy consumption, associated with climatic and polluting 

gases principally CO2, NOx and SO2. However, it must be noticed that the corresponding 

nuisances and energy consumption involved in manufacturing and installing PV systems 

are “paid back” by the same system in the form of emission-free “green” electricity only 

after about four to five years of an average existence of more than 25 years. More 

quantified examples about environmental and energy “payback” are reported from Europe, 

Japan and Australia. 

2.2. Manufacturing 

The chemical composition of amorphous silicon (a-Si) allows it to be deposited in a 

thin layer on materials such as plastics, glass, and metal. To make a-Si cells, silane or 

chlorosilane gas is heated and mixed with hydrogen, then deposited as a thin film of a-Si 

(an alloy of silicon and hydrogen) on these materials. As mentioned previously, silane 

(SiH4) gas is extremely explosive and poses a potential hazard to production workers and 

nearby communities. The semiconductor industry has a history of silane gas explosions 
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and occupational injuries. Chlorosilane gases are also very toxic and highly flammable. 

However, because the amount of silicon used is much smaller than in crystalline silicon 

production, less silane is needed to produce a-Si. [12]  

2.2.1. Main processes 

Roll to roll [13] 

In the field of electronic devices, Roll-to-roll processing, also known as web 

processing, reel-to-reel processing or R2R, is the process of creating electronic devices on 

a roll of flexible plastic or metal foil. In other fields predating this use, it can refer to any 

process of applying coatings, printing, or performing other processes starting with a roll of 

a flexible material and re-reeling after the process to create an output roll. These processes 

can be grouped together under the general term converting. Once the rolls of material have 

been coated, laminated or printed they are normally slit to their finished size on 

a slitter rewinder.  

Roll-to-roll processing is a technology which is still in development. 

If semiconductor devices can be fabricated in this way on large substrates, many devices 

could be fabricated at a fraction of the cost of traditional semiconductor manufacturing 

methods. Most notable would be solar cells, which are still prohibitively expensive for 

most markets due to the high cost per unit area of traditional bulk (mono-

 or polycrystalline) silicon manufacturing. Other applications could arise which take 

advantage of the flexible nature of the substrates, such as electronics embedded into 

clothing, large-area flexible displays, and roll-up portable displays. 

A crucial issue for a roll-to-roll thin-film cell production system is the deposition rate 

of the microcrystalline layer, and this can be tackled using four approaches: 

- Very high frequency plasma-enhanced chemical vapour deposition (VHF-

PECVD) 

- Microwave (MW)-PECVD 

- Hot wire chemical vapour deposition (hot-wire CVD). 

- Use of ultrasonic nozzles in an in-line process 

http://en.wikipedia.org/wiki/Flexible_plastic
http://en.wikipedia.org/wiki/Foil_(chemistry)
http://en.wikipedia.org/wiki/Roll-to-roll_printing
http://en.wikipedia.org/wiki/Converting
http://en.wikipedia.org/wiki/Slitter
http://en.wikipedia.org/wiki/Semiconductor_device
http://en.wikipedia.org/wiki/Solar_cell
http://en.wikipedia.org/wiki/Monocrystalline_silicon
http://en.wikipedia.org/wiki/Monocrystalline_silicon
http://en.wikipedia.org/wiki/Polycrystalline_silicon
http://en.wikipedia.org/wiki/Deposition_(physics)
http://en.wikipedia.org/wiki/Microcrystalline
http://en.wikipedia.org/wiki/VHF
http://en.wikipedia.org/wiki/PECVD
http://en.wikipedia.org/wiki/Microwave
http://en.wikipedia.org/wiki/Chemical_vapour_deposition
http://en.wikipedia.org/wiki/Hot_wire
http://en.wikipedia.org/wiki/Ultrasonic_nozzle
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Figure 2.2.1.1. Roll to roll process[14] 

PEVCD (Plasma-enhanced chemical vapor deposition) 

Plasma-enhanced chemical vapor deposition (PECVD) is a process used to deposit 

thin films from a gas state (vapor) to a solid state on asubstrate. Chemical reactions are 

involved in the process, which occur after creation of a plasma of the reacting gases. 

The plasma is generally created by RF (AC) frequency or DC discharge between 

two electrodes, the space between which is filled with the reacting gases. 

A plasma is any gas in which a significant percentage of the atoms or molecules are 

ionized. Fractional ionization in plasmas used for deposition and related materials 

processing varies from about 10
−4

 in typical capacitive discharges to as high as 5–10% in 

high density inductive plasmas. Processing plasmas are typically operated at pressures of a 

few millitorr to a few torr, although arc discharges and inductive plasmas can be ignited at 

atmospheric pressure. Plasmas with low fractional ionization are of great interest for 

materials processing because electrons are so light, compared to atoms and molecules, that 

energy exchange between the electrons and neutral gas is very inefficient. Therefore, the 

electrons can be maintained at very high equivalent temperatures – tens of thousands of 

kelvins, equivalent to several electronvolts average energy—while the neutral atoms 

remain at the ambient temperature. These energetic electrons can induce many processes 

that would otherwise be very improbable at low temperatures, such as dissociation of 

precursor molecules and the creation of large quantities of free radicals. 

A second benefit of deposition within a discharge arises from the fact that electrons 

are more mobile than ions. As a consequence, the plasma is normally more positive than 

any object it is in contact with, as otherwise a large flux of electrons would flow from the 

plasma to the object. The voltage between the plasma and the objects in its contacts is 

http://www.google.es/url?sa=t&rct=j&q=pevcd&source=web&cd=1&ved=0CG8QFjAA&url=http%3A%2F%2Fen.wikipedia.org%2Fwiki%2FPlasma-enhanced_chemical_vapor_deposition&ei=D57YT6GbK4mS8gOtqbSDAw&usg=AFQjCNHoukSkwWS3hN3rdMCd3BXtlJWjTg
http://en.wikipedia.org/wiki/Chemical_vapor_deposition
http://en.wikipedia.org/wiki/Gas
http://en.wikipedia.org/wiki/Vapor
http://en.wikipedia.org/wiki/Solid
http://en.wikipedia.org/wiki/Substrate_(materials_science)
http://en.wikipedia.org/wiki/Chemical_reaction
http://en.wikipedia.org/wiki/Plasma_(physics)
http://en.wikipedia.org/wiki/Plasma_(physics)
http://en.wikipedia.org/wiki/Radio_frequency
http://en.wikipedia.org/wiki/Alternating_current
http://en.wikipedia.org/wiki/Direct_current
http://en.wikipedia.org/wiki/Electrode
http://en.wikipedia.org/wiki/Torr
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normally dropped across a thin sheath region. Ionized atoms or molecules that diffuse to 

the edge of the sheath region feel an electrostatic force and are accelerated towards the 

neighboring surface. Thus, all surfaces exposed to the plasma receive energetic ion 

bombardment. The potential across the sheath surrounding an electrically-isolated object 

(the floating potential) is typically only 10–20 V, but much higher sheath potentials are 

achievable by adjustments in reactor geometry and configuration. Thus, films can be 

exposed to energetic ion bombardment during deposition. This bombardment can lead to 

increases in density of the film, and help remove contaminants, improving the film's 

electrical and mechanical properties. When a high-density plasma is used, the ion density 

can be high enough that significant sputtering of the deposited film occurs; this sputtering 

can be employed to help planarize the film and fill trenches or holes. 

Plasma deposition is often used in semiconductor manufacturing to deposit films 

conformally (covering sidewalls) and onto wafers containing metal layers or other 

temperature-sensitive structures. PECVD also yields some of the fastest deposition rates 

while maintaining film quality (such as roughness, defects/voids), as compared 

with sputter deposition and thermal/electron-beam evaporation, often at the expense of 

uniformity. 

Silicon dioxide can be deposited using a combination of silicon precursor gasses 

like dichlorosilane or silane and oxygen precursors, such as oxygen and nitrous oxide, 

typically at pressures from a few millitorr to a few torr. Plasma-deposited silicon nitride, 

formed from silane and ammonia or nitrogen, is also widely used, although it is important 

to note that it is not possible to deposit a pure nitride in this fashion. Plasma nitrides always 

contain a large amount of hydrogen, which can be bonded to silicon (Si-H) or nitrogen (Si-

NH); this hydrogen has an important influence on IR and UV absorption,
 
 stability, 

mechanical stress, and electrical conductivity. 

Silicon Dioxide can also be deposited from a tetraethoxysilane (TEOS) silicon 

precursor in an oxygen or oxygen-argon plasma. These films can be contaminated with 

significant carbon and hydrogen as silanol, and can be unstable in air. Pressures of a few 

torr and small electrode spacings, and/or dual frequency deposition, are helpful to achieve 

high deposition rates with good film stability. 

http://en.wikipedia.org/wiki/Sputtering
http://en.wikipedia.org/wiki/Sputter_deposition
http://en.wikipedia.org/wiki/Silicon_dioxide
http://en.wikipedia.org/wiki/Dichlorosilane
http://en.wikipedia.org/wiki/Silane
http://en.wikipedia.org/wiki/Oxygen
http://en.wikipedia.org/wiki/Nitrous_oxide
http://en.wikipedia.org/wiki/Silicon_nitride
http://en.wikipedia.org/wiki/Silane
http://en.wikipedia.org/wiki/Ammonia
http://en.wikipedia.org/wiki/Nitrogen
http://en.wikipedia.org/wiki/Hydrogen
http://en.wikipedia.org/wiki/Silicon
http://en.wikipedia.org/wiki/Nitrogen
http://en.wikipedia.org/wiki/Tetraethoxysilane
http://en.wikipedia.org/wiki/Silanol
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High-density plasma deposition of silicon dioxide from silane and oxygen/argon has 

been widely used to create a nearly hydrogen-free film with good conformality over 

complex surfaces, the latter resulting from intense ion bombardment and consequent  

 

Figure 2.2.1.2. PEVCD process 

 

 

 

Figure 2.2.1.2. PEVCD process[15] 

2.2.2. Example of one complete module manufacture [16] 

Of the various solar technologies, has chosen a single photovoltaic module Gardi 

Solar Company. 

The módulosfotovoltaicos GADIRSOLAR 80 a-Si are produced by applying a 

fabrication technology based on plasma deposition, which has been developed by the 

company OERKILON. 

Panel structure 

- Front glass: 3.0 -3.3 mm float glass 

- Contact TCO (Transparent Oxide Conductor) 

- Cell type (material FV): Single junction a-Si 

- Encapsulation: Polivinilde butyral (PVB) 

- Back glass: 3.2 mm toughened glass 

- Without frame 
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Figure 2.2.2.1. a-Si panel structure 

Module manufacturing process 

 

Figure 2.2.2.2. Module manufacturing process 

TCO is used as a conductor between the solar cells. The deposition of TCO 

tecnolo'gia be made using the patented Oerlikon LPVCD that descata by: 

- high conductivity T 

- TCO deposition and texturing in a single step. 

- High transmittance of visible and near wave infraffojos. this implies a better 

performance in diffuse radiation conidciones 

The phase of PECVD, silicon deposition, is characterized by: 

KAI 1200 with plasma reactor 

- 40MHz (deposiciónmuyuniforme) 
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- Valid for amorphous & micromorph 

- Production in a single step, p and n doped layers (improving the production of 

electricity) 

- Self-cleaning after each phase 

Results 

- High power rendimiento.Mayor 

- Flexible 

- High quality of the active layer 

Finally, laser scribing is characterized by: 

Laser engraving system 

- Excellent linearity 

- Recorded in fine lines 

Results: 

- More power, due to the reduction of recorded area 

- Lower costs. 

2.2.3. Overalll assembly. Components of the photovoltaic module.[8] 

Photovoltaic modules seem for the most similar to each other. Yet the experienced 

observer knows that there are many elements that differentiate the forms and those small 

details can make a difference. The glass, the frame or the junction box, for example, are 

not components under which normally be weighed the choice of a module. However there 

is glass and glass and frame and frame. Even the combination of glass and frame with 

certain properties can affect the performance of the modules. 

Cells 

The most important parts of a PV system are the cells which form the basic building 

blocks of the unit, collecting the sun’s light, the modules which bring together large 

numbers of cells into a unit, and, in some situations, the inverters used to convert the 

electricity generated into a form suitable for everyday use. 
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The conversion of solar radiation in a current of electrons takes place in the 

photovoltaic cell, consists of a thin slice of semiconductor material, very often silicon, 

suitably treated. 

 

Figure 2.2.2.1 Monocrystalline, polycrystalline and thin film technologies[2] 

Bus-bar 

By the term bus-bar identify the electrical connections between the cells. The 

electrons emitted from the cell are captured by a conductive grid which covers the entire 

surface of the cell and directs the electrons toward the filament section is greater (typically 

2 or 3) that are also used for connection between a cell and the other.  

 

Figure 2.2.2.2. Link to strings of solar cells 

EVA 

The EVA is a copolymer of ethylene and vinyl acetate. It is a highly elastic 

compound, which can be used to form a porous material similar to rubber, but with 

excellent toughness. The EVA is used in photovoltaic cells for protection. These are in fact 

enclosed between two sheets of very thin so as to be put under vacuum. It is extremely 

important to ensure the complete absence of air to avoid that with time they occur 

oxidation of the cell, as visible patches of yellow color on the module. These oxidations 

would greatly invalidate the functionality of the cell concerned, which in turn would 

decrease the power generated by the module 

Tedlar 
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Tedlar is the material which, together with EVA, solar cells and glass, is hot rolled to 

form the solar module. It is a flexible panel thickness of about 1mm, white, chemically 

inert, resistant and light, which represents the back of the PV module. Thanks to its 

mechanical, electrical and chemical, Tedlar is an ideal material for many types of surface 

protection. Maintains its strength and flexibility within the temperature range from -70 ° C 

to 110 ° C. Has an elongation of over 100%, wear resistance, weathering and UV light and 

is easy to clean. Tests have shown that, subject to intense exposure to ultraviolet (UV) 

light, heat and humidity, components used in PV applications protected with a special 

Tedlar films are in excellent condition after more than 20 years of outdoor exposure . 

Typically, the Tedlar remains closely attached to the material without showing signs of 

delamination, but it is essential to ensure constant monitoring during the construction 

process of the photovoltaic module to ensure this adherence over time. 

Glass 

The glass of the modules is one of the most important elements in that it has the 

function of protecting the cells from atmospheric agents and must clearly ensure maximum 

transmission of light so that all the radiation incident to the cells arrive. The glass consists 

mainly of sand (60%), soda (19%), dolomite (15%) and other materials. To ensure 

optimum transmissivity is essential that the iron content is extremely low. In general, the 

light absorption by the glass is approximately equal to a percentage point. The diversity 

between the index of refraction of the glass and air, also, will be deflected 4% of the 

incident radiation and this happens on both faces of the glass, with a total loss of 8%, 

certainly not acceptable for a form photovoltaics. To limit this effect is essential to carry 

out an anti-reflective coating on the surface of the glass which consists in applying a thin 

layer of material having a refractive index intermediate.  

TCO (Transparent Conductive Oxide) 

TCO, which deposits on the glass surface a coating with a thickness of a few tens of 

μm, allowing reducing losses from 8% to 2%. Besides this, the surface treatment must 

facilitate cleaning of glass, filter out UV and infrared rays that would still not be absorbed 

by the cells and therefore may increase the temperature of the module in an undesirable 

way. As mentioned previously, the glass is also the protection of the cells to the outside so 

it is essential that its resistance to high wind loads, snow and hail is assured.  
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Junction-box 

The electrical junction boxes (also called junction-box) are devices that contain the 

connections between cells and allow the wiring of photovoltaic modules. At first glance 

appear to be very similar, but there are some things that make them an essential component 

for maximizing the energy output of a module and to increase safety. The junction box is 

mounted in the rear of the panel and contains the by-pass diodes. These diodes have the 

function of avoiding that, in the case where one or more cells were darkened because of 

shading, dirt or otherwise, to generate the so-called "hot spot", ie the overheating caused by 

the different irradiation of one or more cells connected in series. In this eventuality the 

shaded cell acts as a load with subsequent dispersion and local temperature increase due to 

the passage of the current of alfigura 3: composition of the PV module three cells not 

shaded. The by-pass diodes serve precisely to bypass these cells to exclude them from the 

circuit. Normally a diode is mounted every 15-20 cells. The junction box is primarily used 

to hide the electrical joints and provide a degree of protection for the connection interface. 

The junction box may also contribute actively to the safety of photovoltaic systems, if 

properly designed, the junction-box may be able to avoid the formation of electric arcs 

between the positive and negative pole of the module, in the event of an overload or a 

potential difference is too high due to an incorrect connection or lightning.  

Frame 

The frame of the solar cell is an extremely important because it ensures the 

mechanical resistance of the module itself. Generally it is never given much importance to 

the evaluation of this aspect, but is instead essential to understand its capabilities, to ensure 

the durability of the module over time. The first thing to observe is the assembly of various 

parts of the frame. Clearly, a module is formed by two sides of frame longer and two 

shorter, which can be fixed together by means of a simple joint or by fixing with screws. 

The fixing with screws, in addition to ensuring a better tightness and strength, it also 

allows to have a galvanic connection better and to ensure a perfect electrical continuity. 

Another very important detail regards the section of the frame: this may be formed from a 

single support wall or by two. The presence of two walls creates a cavity that runs along 

the entire perimeter of the module as it were a rectangular tube. Within this cavity, with the 

passage of time, moisture and dirt that accumulate fatigue manage to escape from the drain 
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holes, generally present along the perimeter, and which can also cause breakage of the 

module in the event of moisture to ice 'inside of the cavity. In another aspect, not less 

important, is the fact that the frame has a profile bevelled in correspondence with the 

contact with the glass: this ensures that the natural rainfall contribute to the cleaning of the 

glass, preventing the accumulation of dirt, possible due to shadowing cells and thus reduce 

the performance of the module. 

Modules 

Modules are clusters of PV cells incorporated into a unit, usually by soldering them 

together under a sheet of glass. They can be adapted in size to the proposed site, and 

quickly installed. They are also robust, reliable and weatherproof.  

Module producers usually guarantee a power output of 80% of the nominal power 

even after 20-25 years. When a PV installation is described as having a capacity of 3kW, 

this refers to the output of the system under standard testing conditions (STC), allowing 

comparisons between different modules. In central Europe, a 3 kW rated solar electricity 

system, with a module area of approximately 23 square metres (depending on technology), 

would produce enough power to meet the electricitydemand of an energy-conscious 

household.[17]  

 

Figure 2.2.2.3. Different solar panels[18] 

2.3. Use. Market research [6] 

The global PV market has experienced vibrant growth for more than a decade with 

an average annual growth rate of 40%. The cumulative installed PV power capacity has 

grown from 0.1 GW in 1992 to 14 GW in 2008. Annual worldwide installed new capacity 
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increased to almost 6 GW in 2008. Figure 2 shows the global cumulative installed capacity 

of PV for the past two decades. 

 

Figure 2.3.1 Cumulative installed globar PV capacity 

Four countries have a cumulative installed PV capacity of one GW or above: 

Germany (5.3 GW), Spain (3.4 GW), Japan (2.1 GW) and the US (1.2 GW). These 

countries account for almost 80% of the total global capacity (Figure 3). Other countries 

(including Australia, China, France, Greece, India, Italy, Korea and Portugal) are gaining 

momentum due to new policy and economic support schemes 
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Figure 2.3.2. Solar PV installed capacities in leading countries 

There are four end-use sectors with distinct markets for PV: 

- Residential systems (typically up to 20 kW systems on individual 

buildings/dwellings) 

- Commercial systems (typically up to 1 MW systems for commercial office 

buildings, schools, hospitals, and retail) 

- Utility scale systems (starting at 1 MW, mounted on buildings or directly on the 

ground) 

- Off-grid applications (varying sizes) 

These different applications have different system costs and compete at different 

price levels. Until the mid-1990s, most systems were stand-alone, off- grid applications 

such as telecommunications units remote communities and rural electricity supply. 

Since then, the number of grid-connected system has increased at a rapid pace due to 

incentive schemes introduced in many countries. The majority of grid-connected systems 

are installed as BIPV systems. However, ground-mounted large-scale installations with a 

generation capacity in the tens of megawatts have gained a considerable market share in 

recent years. As a result, off-grid PV systems now constitute less than 10% of the total PV 

market; however, such applications still remain important in remote areas and in 

developing countries that lack electricity infrastructure. 

2.4. End of life (recycling, disposal, reuse) 

Currently there is not any European legislation concerning to the specific treatment 

of solar energy system. However, the Directive 2002/96/CE on waste electronic equipment 

(WEEE) considers the possibility of including under its scope the photovoltaic products in 

a future amendment.  

Regarding the module recycling, there are two important activities: 

- First Solar Inc. USA => CdTe modules 

- Deutsche Solar => c-Si modules 

For other technologies have been developed more recycling scenario. However, for 

amorphous silicon panels, so far the only solution is the one adopted in the project 

development SENSE. 
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There is also a gradual approach from European Industry (EPIA, BSW), mainly 

driven by c-Si industry. [19] 

2.4.1. Recycling 

Recent development and optimization of thin film production systems along with the 

increasing production capacity lead to an improvement in environmental performance of 

thin film PV-systems. Therefore, updated analyses are important in order to examine the 

actual environmental performance of thin film PV-systems. 

A further important aspect must be followed at the same time: concerning “End of 

Life” of thin film PVsystems a recycling strategy or technology is still missing. The 

present legal situation and its tendency show the importance of being prepared for future 

environmental legislation. For example, the WEEE3 regulates the recycling and reuse rate 

of electric and electronic products by weight, and the RoHS4 bans the use of certain 

hazardous materials. As one product category, which could be affected by these directives, 

once PV-modules were under discussion. Although finally it resulted that PV-modules do 

not fall into the scope of the WEEE and RoHS until today, effort should be made in 

advance, in order to establish a recycling strategy for PV systems. While this is not an 

important issue today because of the small absolute values of the world PV market, it will 

become a significant one, as market grows exponentially. 

Although “recycling” is due to its resource saving and waste reducing character per 

se understood as being environmentally friendly, this is not always the case. Depending on 

the scope of the recycling system, including logistical aspects and the required effort, 

recycling can increase the environmental impacts of a product over its life cycle, instead of 

reducing them. To avoid such potential environmentally disadvantageous effects, the 

development of a recycling system should be accompanied by an environmental impact 

assessment. This is an effective decision-making supporting tool for (technology) 

designers, and policy-makers. 

Of course, also economic aspects should be addressed in the development phase of a 

recycling system. Recycling is not naturally more expensive than alternatives, as far as 

conventional ways of End of Life (EoL) are accompanied with costs (e.g. for final disposal 

of hazardous waste). These challenges are covered in the project “Sustainability Evaluation 

of Solar Energy Systems (SENSE)” (ENK5-CT-2002-00639) co-funded by the European 
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Commission (EC) within the 5
th

 Framework Programme. This project combines both the 

development of recycling techniques and strategies for PV-modules with a Life Cycle 

Assessment (LCA), the latter covering the production, use phase and End of Life phase of 

a PV-system. The project specifically focused on thin film technologies, i.e. a recycling 

strategy for Copper-Indium-Gallium-Diselenide (CIGS), amorphous silicon (a-Si) and 

Cadmium-telluride (CdTe) PV-systems was developed and assessed. A consortium 

consisting of Ambiente Italia, Free Energy Europe, Fraunhofer ICT, Gaiker, University of 

Stuttgart, Würth Solar and Zentrum fuer Sonnenenergie- und Wasserstoff-Forschung 

(ZSW), coordinated by University of Stuttgart, worked on SENSE from 1st January 2003 

to 30th June 2006. 

Concerning recycling strategies for PV modules, many experiments on different 

possible recycling routes for each PV technology were carried out. After a large series of 

careful analyses, a few processes turned out to be practically applicable and economic 

meaningful, i.e. providing an interesting yield both in terms of quantity and quality of 

recovered materials. The most auspicious route for CIGS and CdTe modules is the 

delamination of modules by thermal treatment, with a following chemical solving process 

and recovery of deposited metals. A survey showed that metal producers are willing to pay 

for such metal containing solutions, which can be inserted in a metal production line. For 

a-Si modules the most practical and meaningful recycling system consists of delivering the 

PV modules without separating the a-Si layer from the glass, and recycling the plastic 

frames.[20][21] 

SENSE (Sustainability of solar energy systems)[22] 

RS3: Grinding & Pneumatic separation of PUR for a-Si modules 

 

2.4.2. Reuse 

Photovoltaic (PV) energy is a renewable, versatile technology that can be used for 

almost anything that requires electricity. In the past 20 yr, research and development has 

advanced PV and a new generation of low-cost products based on thin films of photoactive 

materials (e.g., amorphous silicon, copper indium diselenide, cadmium telluride, and film 
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crystalline silicon) deposited on inexpensive substrates, increase the prospects of rapid 

commercialization. 

An important factor and the key in the cycle of life of PV modules is 

decommissioning at the end of their use, expected to last about 30 yr. Moreover, there is a 

concern about disposing them because they may contain minor amounts of regulated 

materials (e.g., Cd, Pb and Se). Options to recycle manufacturing wastes and used solar 

cells are recently being investigated. 

This research is an attempt to explore the possible reutilization of solar cell residues 

from PV panels in construction materials, which cannot only provide low cost cement and 

concrete but also, can help to decrease environmental hazards. In this context, an 

experimental study of the addition of residues from the manufacturing of PV solar cells to 

Portland cement has been developed in order to stabilizate/valorizate this waste in Portland 

cement matrices. 

Photovoltaic (PV) energy is a renewable, versatile technology that can be used for 

almost anything that requires electricity. In the past 20 yr, research and development has 

advanced PV and a new generation of low-cost products based on thin films of photoactive 

materials (e.g., amorphous silicon, copper indium diselenide, cadmium telluride, and film 

crystalline silicon) deposited on inexpensive substrates, increase the prospects of rapid 

commercialization . 

An important factor and the key in the cycle of life of PV modules is 

decommissioning at the end of their use, expected to last about 30 yr. Moreover, there is a 

concern about disposing them because they may contain minor amounts of regulated 

materials (e.g., Cd, Pb and Se). Options to recycle manufacturing wastes and used solar 

cells are recently being investigated. 

This research is an attempt to explore the possible reutilization of solar cell residues 

from PV panels in construction materials, which cannot only provide low cost cement and 

concrete but also, can help to decrease environmental hazards. In this context, an 

experimental study of the addition of residues from the manufacturing of PV solar cells to 

Portland cement has been developed in order to stabilizate/valorizate this waste in Portland 

cement matrices.[23] 
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2.4.3. Landfill, disposal 

There is a proportion of material due to its state or its nature, can not be recycled or 

reused and therefore must be available. The disposal of these wastes, it is usually in 

municipal landfills. 
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CHAPTER 3. STATE OF ART OF (a-Si) LCA 

According to reporting by the Intergovernmental Panel on Climate Change (IPCC), 

global warming brings a variety of adverse effects including record-high temperatures, 

flooding due to increased rainfall, expansion of arid areas and a higher risk of drought, and 

stronger typhoons. Accordingly, it is necessary to mitigate emissions of greenhouse gases 

(GHGs; CO2, CH4, N2O and others), which cause global warming. However, as GHGs are 

invisible, the amounts in which they are released are generally unclear. Life cycle 

assessment (LCA), the main topic of this chapter, is useful in calculating emissions. 

Although it is not ideally suited for evaluation on a macro scale (investigation from a 

global viewpoint, for example), it is highly appropriate for micro-scale analysis (e.g., 

consideration of products and generation systems). The results of LCA can clarify major 

emissions, thereby enabling consideration of measures for their reduction. First of all it 

will be done an approximation to the LCA, to understand how it is important and finally 

aState of Art of all LCA of amorphous silicon technology will be done. 

3.1. LCA approximation 

3.1.1. What is LCA? 

Life cycle assessment (LCA) is an approach to environmental management system 

implementation involving the quantitative evaluation of a product’s overall environmental 

impact. Energy requirements and CO2 emissions throughout the whole life cycle of the 

product (including its manufacture, transport, use, disposal, etc.) are estimated in order to 

enable such evaluation, and the results can be used for related environmental assessment. 

The research and analysis scheme for LCA consists of the four stages  

- Goal and scope definition 

- Inventory analysis 

- Impact assessment 

- Interpretation.  

Figure 1.1.1.1 LCA phases 
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Goal and scope 

It is the preliminary stage which defines the objectives and scope of the study, the 

functional unit, the boundaries of the system studied, the data requirements, assumptions 

and limitations, to whom the study is addressed,  who performs the study, which functions 

or products are studied, the data quality requirements. 

Inventory analysis 

Inventory analysis is performed to evaluate the amounts of environment-influencing 

materials consumed or produced during the object’s life cycle. It involves pinpointing the 

processes involved in the life cycle and evaluating them quantitatively, then identifying all 

related environment-influencing materials. The object’s data are subsequently evaluated as 

a whole. However, as it is difficult to collect all information on related processes, the 

results may have simplified or missing data. Accordingly, it is important to understand the 

applicable boundaries, the quality of data and the assumptions involved in calculation 

when performing LCA study. 

It consists in the collection of data and calculation procedures aimed at quantifying 

the flows into and out of a relevant product system, according to the objective and to the 

field of application. 

Impact assessment 

Impact assessment consists of three processes; classification, characterization and 

weighting. The impact assessment of the lifecycle is intended to assess the extent of 

potential environmental impacts using the results of the inventory life cycle. 

In classification, environment-influencing materials are categorized in terms of 

related influence events. For example, CO2 will be categorized as producing global 

warming. 

In characterization, amounts of output materials are calculated with characterization 

factors to produce impact category indicators. In particular, input energy is calculated in 

terms of electricity or calorific value.  

Weighting is not stipulated in international standardization because it is considered 

difficult to form a single indicator for the different areas of global warming potential and 

ozone depletion potential.  
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Interpretation 

The results of LCA may depend on research boundaries and approaches to inventory 

analysis. Accordingly, in related interpretation, the effects of operation methods should be 

discussed. Usually, the data used in LCA include estimates and referred information. For 

this reason, if the data affect the results significantly, sensitivity analysis should be 

included. 

It is a systematic procedure aimed to the identification, qualification, audit and 

evaluation of the inventory and  assessment of impacts phases, in order to present them in a 

form able to satisfy the application requirements described in the goal and scope definition 

phase, and to draw conclusions and recommendations.  

 

3.1.2. LCA ISO standars 

The results of inventory analysis are referred to as life cycle inventory (LCI) data. 

LCA is applicable to any product or service, but its results are affected by objects, 

assumptions, data availability and accuracy. Hence, it is impossible to generalize the 

method in a very clear way. As a result, LCA operators and users must properly understand 

the limitations of LCA and the assumptions that can be drawn from its results. The 

essentials of LCA are standardized in ISO 14040 and ISO 14044, which stipulate the 

details and basic points of the approach. 

The international standard reference for the conduct of LCA studies is represented by 

the ISO 14040 series and, most in particular, by the 14040 series. Among these, the main 

ones for the application of the LCA methodology are:  

- UNI EN ISO 14040:2006 Principles and framework 

- UNI EN ISO 14044:2006 Requirements and guidelines  

ISO standard 14040 describes the principles and framework for LCA. It provides an 

overview of the practice and its applications and limitations. It does not describe the LCA 

technique in detail, nor does it specify methodologies for the individual components of the 

LCA (goal and scope definition, inventory, impact assessment, and interpretation). 

Because the standard must be applicable to many industrial and consumer sectors, it is 

rather general. Nonetheless, it includes a comprehensive set of terms and definitions, the 
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methodological framework for each of the four components, reporting considerations, 

approaches for critical review, and an appendix describing the application of LCA. ISO 

standard 14044 specifies requirements and provides guidelines for LCA. It is designed for 

the preparation, conduct, and critical review of life-cycle inventory analysis and provides 

guidance on the impact assessment and interpretation phases of LCA and on the nature and 

quality of data collected. 

 

Figure 3.1.2.1. Life cycle assessment framework 

3.1.3. LCA principies 

The main principles of an LCA study are the following: 

- Generality: these principles are to be used as a guide to the application of LCA; 

- Life-cycle perspective: the entire lifecycle of the product is considered; 

- Attention focused to the environment: an LCA study generally deals with  

environmental aspects and impacts associated with a product, while social and 

economic aspects are kept out of the field of application; 

- Relative approach and functional unit: the LCA is a relative approach structured 

around a functional unit which is the parameter who defines what has been 

studied; 

- Iterative approach: it is an iterative technique because individual phases use the 

results of all the other phases; 

- Transparency: important guiding principle especially in order to ensure a proper 

interpretation of results; 
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- Wholeness: an LCA study should consider all aspects of  environment, of 

resources and of human health; 

3.1.4. Evaluation indices 

In LCA study, evaluation indices are decided based on the purpose at hand. As PV 

systems generate electricity, the new index of energy payback time (EPT or EPBT) can be 

evaluated. 

EPT expresses the number years the system takes to recover the initial energy 

consumption involved in its creation throughout its life cycle via its own energy 

production.  

  

The CO2 emission rate is a useful index for determining how effective a PV system 

is in terms of global warming. 

 

3.1.5. History of LCA 

It is generally accepted that the first commissioned study with a “life cycle” 

perspective was conducted for the Coca Cola company in the late 1960s. Fed by a growing 

recognition of the environmental implications of disposable packaging, Coca Cola, along 

with other early life cycle practitioners and commissioners, were interested in learning 

about the energy, material, and environmental consequences associated with the production 

and disposal of various packaging options. 

Until the early 1990s, studies that undertook an assessment of the material, energy 

and waste flows of a product’s life cycle were conducted under a variety of names 

including Resource and Environmental Profile Analysis (REPA), Eco-balances, Integral 

Environmental Analyses, and Environmental Profiles. In 1991, the international LCA 

community agreed upon its current name and the utility of LCA as an environmental 

management tool in the public and private sectors was becoming increasingly accepted. It 

had become apparent, however, that LCAs carried out by different researchers for similar 
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products were producing conflicting results, attributable in part to the varying 

methodological choices that were available for LCAs. This, along with criticisms of the 

ease with which LCAs could be manipulated to produce desired results, sparked the first 

scientific conferences on LCA where researchers and practitioners began to discuss how 

best to standardize the methodology . 

The first guidelines for LCA were published in SETAC’s Code of Practice and 

within four years, the International Organization for Standardization (ISO) had begun to 

further develop these methodological standards. 

3.2. LCA guidelines for PV systems [24] 

In any LCA study, the purpose depends on the operator. However, when the operator 

evaluates a photovoltaic (PV) system, the main research point or characteristic relates to 

energy generation. This is a significant difference between PV systems and other products. 

Recently, a set of LCA guidelines for PV systems titled “Methodology Guidelines on 

Life Cycle Assessment of Photovoltaic Electricity” was published by the International 

Energy Agency Photovoltaic Power System Program (IEA PVPS), Task 12, Subtask 20. 

This is an informative and useful resource for LCA operators of PV systems that helps 

with the evaluation difficulties outlined in Section 3. This section describes a number of 

important considerations covered in the guidelines for evaluating PV systems. 

This is expected to provide two advantages, the first of which is PV system 

optimization. The second advantage is comparability. In such cases, LCA can provide 

quantitative results, thereby enabling comparison of each technology on an equal footing. 

 

3.2.1. Lifetime 

Lifetime is difficult to quantify because most PV systems introduced are still in 

operation or were produced in the early stages of the technology’s development. However, 

many researchers have studied the life expectancy of PV systems.  
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Table 3.2.1.1. PV systems lifetime 

3.2.2. Irradiation data 

Irradiation data depend on the location and tilt angle of PV modules. Accordingly, 

the two main recommendations given are analysis of industry averages/best-case systems 

and analysis of average systems installed on the grid network. 

3.2.3. Performance ratio 

The performance ratio (PR) depends on the type of installation. In general, the value 

rises with lower temperatures and monitoring of PV systems for early detection of defects. 

Task 12’s recommendation is 75% for rooftop-mounted and 80% for ground-mounted 

latitudeoptimal installations. Alternatively, actual performance data can be used where 

available. 

3.2.4. Degradation 

Most PV modules degrade year by year to an extent that is still an active topic of 

research, especially for thin-film PV systems. However, 0.5% per year seems to be a 

typical number for crystalline silicon PV modules. Accordingly, the guidelines set the 

degradation rate for flat-plate PV modules. Mature module technologies are considered to 

maintain 80% of their initial efficiency at the end of the 30-year lifetime under the 

assumption of linear degradation during this time. 

3.2.5. Collection of LCA data 

LCA data are usually categorized into foreground and background types. Foreground 

data relates to the materials from which products are made, such as arrays, foundations and 

cable. Background data relate to materials that are indirectly involved, such as array steel, 

foundation cement and cable copper. Foreground data are usually provided by producers, 

while database values are used for background data due to the difficulty of collecting such 
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information. Such databases summarize the input and output data for various materials. 

[25] 

 

Figure 3.2.5.1. Collection of LCA data 

3.2.6. The critical review 

This process consists in a technique to check whether an LCA study fulfills the 

requirements for what concerns the methodology, the data, the interpretation, and whether 

it is consistent with the principles of the ISO 14040 series. A critical review might help 

understand and give more credibility to the LCA, for example, closely involving 

stakeholders. Generally a critical review can be done by following one of the alternatives 

described: 

- A critical review by an internal or external expert, which should know the LCA 

requirements and have adequate technical and scientific expertise; 

- A critical review by a committee of stakeholders. A chairman should be 

nominated by those who commissioned the study. It should be an external and 

independent expert placed in charge of a committee composed of at least three 

members and he should choose other qualified and independent auditors 

according to the objective, the scope and the economic resources available. 

3.3. State of art LCA a-Si [26] 

A number of energy analysis studies for thin film solar cell modules are compared 

and reviewed. There are reviewed 6 studies on a-Si modules. The aim is to present results 

in a unified format, compare them and try to clarify observed differences. Although 

significant differences were found, many of these differences could be explained by the 

choice of materials for the module encapsulation. For categories with large observed 

differences, like indirect process energy and capital equipment energy, there is performed 

additional analyses in order to gain a better understanding of these aspects. 
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3.3.1. Review of energy analysis studies for thin film modules 

The study by Hagerdorn et al. on a-Si (and other) modules is the oldest but still one 

of the best in the field. While the study published in 1989 was based on design plans for a 

production facility, actual measurements underlay the 1992 study. There is used the latter 

data only. 

More or less in response to the high results from the first Hagerdorn study, Palz and 

Zibetta published an evaluation for the a-Si plant of Chronar France. 

Van Engelenburg and Alsema used the Hagerdorn study as a starting point for an 

evaluation of three future variants for a-Si technology. Here we will use their “worst case” 

data only which closely follows Hagerdorn. 

Scrivinas et al. published a study based on two operating a-Si facilities in Yugoslavia 

and India. The results obtained at these two sites were translated by Scrivinas to a single, 

typical configuration under European climate conditions. 

Kato and co-workers published results from production technology, on different 

module types and for present-day as well as future production technology, on the basis of 

Japanese data. Only the results for the “present day” 10 MWp production plant are 

reviewed here. 

Lewis and Keoleian studied the energy pay-back time for the 0.4 m
2
 a-Si tandem 

junction module produced by United Solar Corp. (UPM 880). This study is the only one to 

explicitly include transportation energy. 

3.3.2. Method of approach for the comparison 

In order to allow comparison of the results from all these studies, it is necessary to 

define first a common format for the presentation of the results. As almost every study 

used a different set of energy and/or functional units, the first step is to convert all results 

to a common bases. MJ of Equivalent Primary Energy per m2 was chosen. 

Secondly it is necessary to define the general categories into which energy 

consumption has been to be distinguished. These categories had to be compatible with the 

categories used in the original studies. In line with our own previous studies and the 

categories includes by Hagedorn, five categories are distinguished: 
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- Cell material: The Gross Energy Requirement of all material used for the 

preparation of the solar cell itself. 

- Encapsulation Material: The Gross Energy Requirements of all material used for 

the substrate for the solar cell; the encapsulation of the module (glass, EVA), the 

junction box and/or connection cables. 

- Frame: The GER of the materials for the module frame 

- Direct Process Energy: All energy directly used by the processing equipment in 

the module production plant 

- Ancillary Process Energy: All “overhead” energy consumption in the module 

production facility, for example for space heating and cooling. 

- Capital Equipment: All energy used for the manufacturing of the capital 

equipment used in the module production plant. 

 

Figure 3.3.2.1. Comparison of the different LCA studies results 

3.3.3. Energy for cell materials 

As may be expected for thin film cells, the energy incorporated in the cell materials 

is very low. With on exception the GER for these materials is estimated to be below 40MJ/ 

m
2
. In Kato’s study quite a large energy requirement is found of 458 JM/m2,which is 
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mainly due to the TCO layer (350 MJ/kg) combined with a very low material utilization 

(5%). 

On the whole an energy requirement for all cell materials of less than 40 MJ/ m
2
 in a-

Si modules seems reasonable for today’s process technology. However, if the layers are 

thicker than assumed here (<10 µm), for example in screen-printed cells, and if very high 

purity material is required the energy requirement may increase substantially. 

3.3.4. Energy for encapsulation materials 

Under encapsulation materials we understand here all materials, outside the active 

cell layers and contact layers, and also excluding the module frame. This means that for the 

UniSolar module (Lewis/Keoleian) and the module studied by Kato the substrate materials 

are also included in this figure, even though they are not part of the encapsulation in the 

strict sense. 

Generally spoken,  the encapsulation materials constitutes a very important part, up 

to 50% of the total energy requirement. Although the estimates for the encapsulation 

material energy show a very wide range, most differences can be explained by the choice 

of encapsulation materials and, to a lesser extent, by the GER values for the encapsulation 

materials. 

To start with we exclude from our comparison the Palz/Zibetta and the Hynes studies 

because they probably include a frame in the encapsulation materials. 

For the remaining studies we see that the lowest value of 200 MJ/ m
2
 is found for a 

glass/polymer encapsulation while the highest estimate of 600 MJ/ m
2
 is for UniSolar 

module which incorporates a seel substrate in addition to a steel back plate and a Tefzel 

cover. 

Noticeable for this latter module is further the relarively high energy requirement of 

200-270 MJ/ m
2
for other encapsulation materials outside the steel substrate ant the steel 

backing plate. It is not clear if this is mainly for the Tezfel cover or for example the 

junction box. Given the rather high GER value to Tefzel it is sawn that the choice for a 

polymer as module cover material does not necessarily lead to a reduction in energy use. 

A similar situation is found in the study by Kato where additional PVF, Al and EVA 

layers increase the energy requirements by some 80 MJ/ m
2 



Chapter 3. State of art of a-Si LCA  

57 

Another point to note is that there is rather broad range in the GER values for glass 

sheets, from 75 MJ/ m
2
 (Alsema) to 25 MJ/ m

2
 (Scrivinas). It should be kept in mind that 

the energy consumption for production of glass (and for other commodities) has been 

reduced considerably over the past decades. So one should be careful, not to use energy 

data which are outdated. Thinner glass sheets will have lower energy requirements. 

3.3.5. Energy for the module frame 

The energy requirement of the module frame is often a very significant contribution 

to the total energy requirement of a PV module, especially for aluminum frames.  

The estimates of the frame energy found in the reviewed studies range from about 50 

MJ/ m
2 

(Scrivinas) to 500 MJ/ m
2 

(Lewis/Keoileian), a difference which is mainly caused 

by material choice (polymer aluminium) and material weight. 

Obviously the choice of frame materials is dependent on the specific installation 

type. Is recommend to evaluate the frame energy requirements in the context of the 

application type ant the BOS energy requirements per application. 

A second recommendation at this point is that the choice of framing material and the 

related energy input should always be specified explicitly in energy studies of PV modules. 

3.3.6. Direct process energy 

Most studies do give a separate value for the direct process energy, probably because 

this parameter is the most easily measured in an actual plant. Also in many cases a 

subdivision is given for the various process steps in module manufacturing. 

For a-Si modules the estimates for the total amount of direct process energy show a 

modest variation from 270-540 MJ/ m
2  

 

We will now restrict ourselves to a-Si manufacturing and compare the estimates from 

different authors for the separate process steps. 

We can conclude that there can be a significant variation in the direct process energy 

requirement not only for different cell types, but also for the processes employed by 

different a-Si module manufacturers. Secondly, it appears that the variation in the total 

value of the direct process energy for a-Si modules might even have been large than the 

values given in these studies. 
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Future increases in a-Si deposition speed will probably reduce the direct process 

energy requirements as the energy consumed by vacuum pumps and substrate heating is 

mainly dependent on the processing time. 

3.3.7. Ancillary process energy 

The estimation of ancillary process energy is a very difficult issue. Firstly the 

demarcation of the system boundary is rather difficult. In practice the category of ancillary 

process energy seems a sort of reservoir of all energy consumption figures which are not 

due to the processing equipment itself. 

Hagerdorn in his study distinguished process-related ancillary (e.g. emission control) 

and general ancillary energy use (climate control…). His estimate for this total category is 

very high in his 1992 report: 800 MJ/ m
2   

which is no less than 40% of the total energy 

use. On the other hand, Srivinas and Plaz/Zibetta estimate the ancillary process energy 

both a 200 MJ/ m
2
. Clearly there is considerable confusion and controversy here.  

First we should look into the definition of ancillary process energy. For example by 

asking which energy consuming functions in the production facility should be included in 

this category of ancillary process energy. We can mention heating, air conditioning, 

lighting, work area ventilation and environmental control as examples of ancillary energy 

use, although the last item might also be classified as direct process energy.  

Also we need a clear demarcation of the system boundary when asking which kind of 

services surrounding the production facility should be included in the analysis. What for 

example to do with: management and administration, maintenance staff, marketing and 

distribution, catering and R&D laboratories. In our opinion the first four services should be 

included, but the last one not. 

 A further complication is that even if a clear demarcation of ancillary process energy 

use has been made in theory, this definition may still be quite difficult to maintain in an 

actual measuring campaign.  

All these problems regarding the definition and demarcation of ancillary process 

energy are probably the main cause for the observed variations in the estimates. A useful 

approach to arrive at better estimates might be to distinguish three categories of ancillary 

energy use:  
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- Energy use for process-related functions, like environmental control equipment. 

Here specific energy consumption data for the considered production process 

should be obtained. Unfortunately such data are not available at this moment.  

- Energy use for personnel-related functions within the production area (blue collar 

workers). This energy is mainly used for functions like lighting, acclimatization 

and health and safety control. Although these figures will be rather plant! and 

process-specific, estimates may be possible by comparison with other 

manufacturing facilities. Clearly special requirements such as clean room 

facilities will drive up energy use in this category considerably. 

- Energy use for personnel-related functions outside the production area, “white 

collar workers”, comprising functions like climate control, lighting, computers, 

etc. A quick estimate shows that the energy use in this category is probably not 

more than 2 MJ/ m2 per m2 of module area, so we may further neglect it in our 

analysis. 

We will now try to make an estimate of energy consumption in the category 2 and 3, 

in the PV industry by comparison with other industries. 

From a study of energy use by function in the Dutch manufacturing industry, we can 

derive data on the energy consumption for non-production-related operations such as space 

heating, climate control, ventilation, lighting and computers. In those sectors of the light 

industry, which might bear a certain similarity to the PV industry, the share of “non-

production-energy” in the total energy use is relatively high: between 30-70%. 

If we relate that the non-production-energy use to the number of workers in each 

industry sector it appears that the non-production-energy use per worker is always in the 

range of 43-54 GJ/worker/yr. An average value of 50 GJ/worker/yr. for non-production 

energy use might thus be representative for these light manufacturing industries and 

possibly also for the PV industry. 

So a rough estimate of the personnel-related ancillary energy use, categories 1 and 2, 

may be made on the basis of the number of workers and the average energy use factor 

derived above. Assuming a total labour requirement of 1[2 man/hour 2.3 man-hour per m2 

module area results in an ancillary energy use of about 70MJ/m2. 
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This estimate is very low compared to ancillary process energy requirement found in 

the studies for module manufacturing (200-300 MJ/ m2) for today’s plant but that it may 

be lower in future plants with lower labour requirements. The estimate made by Hagerdorn 

for ancillary process energy of 800 MJ/ m2 seems much high. 

A final remark that we would like to make here, is that the ancillary process energy is 

very much dependent on local factors such as the climate, but also on factors like building 

practices and energy conservation measures. For example heat recuperation from exhaust 

air can significantly reduce the energy use for space haeating. In this respect there is 

probably considerable room for reduction of the ancillary process energy use by careful 

design of the plant and the energy management system. In our opinion a good energy-

efficiency within the PV plant itself should be taken as a challenge for an industrial sector 

which thanks its existence largely to the “energy problem”. 

3.3.8. Energy for capital equipment 

From the overview table we see that the estimates on energy requirements for capital 

equipment show very large variations: from negligible (Scrivinas) to 440MJ/ m2 (Alsema). 

Because the latter value is more than 20% of the total energy requirement a further 

inverstigation of this issue is important. 

A large contribution from capital equipment energy is somewhat surprising if we 

consider the fact that in most energy analyses of industrial products the energy requirement 

for capital equipment contributes not more than 1-2% of the total energy requirements. 

The most viable approach to make an estimate anyway is by combining statistical 

and economic data, namely: 

- Statistical data on the enrgy intensity of various economic sectors 

- The investment costs for a PV plant, possibly broken down in cost for the building 

and for the production machinery 

If we combine the capital cost estimates with the energy intensity data, we arrive at 

an energy requirement for capital equipment of about 110 MJ/ m2 for a present-day 10 

MWp plant, while for a next-generation 60 MWp plat it may be between 50 and 90 MJ/ m2 

depending on the production technology. 
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Both these estimates are considerably lower than previous results from Hagedorn and 

ourselves. While the Hagedorn does not give details about his estimation method, the 

difference with our own previous study is premiarily in lower capital cost estimate 

(previous 35 ECU/m2). On the other hand, the above result is considerably higher than 

Kato’s and Scrivina’s estimates which are both less than 1% of the total energy 

requirement for the module. Kato’s estimate is based on the amount of steel in the 

production equipment. In our opinion this latter method will underestimate the energy 

requirements as it does not take into account the numerous other inputs to machine 

production. 

3.3.9. Energy for transportation, installation and decommissioning 

Some processes which are not yet regarded above are transportation of materials, 

installation of modules and their decommissioning after the end of useful life. 

Assuming an energy use (direct+indirect) for transportation by lorry of 2-5 MH/t.m, 

a moduel weight of 15 kg/m2 and an average transportation distance of 1000km  (materials 

to factory+module to end user) we arrive at an energy use for transportation of 30-75 MJ 

per m2 module area. This is in good accordance with the results from Lewis and Keoleian 

who estimate transportation energy at 43 MJ/ m2. 

For module installation no energy use data are available but it will probably be 

insignificant in comparison to the manufacturing energy use. 

Regarding the treatment of modules at the end of their useful life not much hard data 

are available either. Depending on the module type and available technologies it may be 

transported to a waste dump, fed into a glass recycling process or into a process aimed at 

recuperation of the metal content. 

Recycling of the module glass will give only relatively small energy credit as already 

half of the energy consumption in sheet glass production is used for the melting of the 

glass. The total energy credit of the glass waste can be estimated at about 25 MJ per m2 

glass sheet. Recycling of modules with the purpose of metal recuperation will most 

probably cost extra energy, but no further data on such processes are available. 
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3.4. Criticism towards LCA techniques 

The LCA methodology was born in the 70 - 80ies from the need and the desire to 

identify and quantify the environmental effects of a given production system and it is now 

used around the world. 

Years of experiments and comparisons on this instrument have produced good 

results, although not definitive, and a solid knowledge base that will allow continuous 

developments and improvements. 

But above all they have gained the consent of public organizations, private 

companies and administrations. This is because the methodology is proposed to give a 

synthetic and global view of the life cycle which is object of the analysis. 

The study also is carried out in function of the goals set at the beginning and this 

allows outlining a comprehensive program of investigation and avoids digressions from the 

intended purpose and wastes of time on irrelevant issues or data: this is necessary to 

deduce considerations appropriate to the current situation and plan, through appropriate 

actions, a future development. This type of knowledge allows you to identify the critical 

points of the cycle and its response to possible modifications (always with the purpose of 

achieving the goals of the analysis). But like any assessment, the LCA technique has 

limitations that should be known and taken into due consideration during use. 

First of all the LCA is not a certification, even though sometimes you hear people 

talk about products certified LCA. That is not correct because it is an analysis tool, a first 

step, important, in a path of sustainability. But it is an assessment tool that measures the 

impact of a product, do not automatically enhance it. 

The LCA study does not determine which product or process is more profitable or 

works better. Therefore, the information developed through a LCA should be used as a 

component of a more comprehensive decision-making process, with costs and 

performances, such as Life Cycle Management. 

In addition, there is definitely a component of subjectivity in the nature of choices of, 

for example, data sources, in the identification of system boundaries and in the 

interpretation of the final results, and assumptions that must be made throughout the study. 

There is no pretension to eliminate this factor, but the attempt to make the study as 

transparent as possible: the choices made in progress should always be clear and motivated 
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so that those who analyze the work has always the path that led to those results and not to 

others. 

Another limitation of the methodology is the absence of spatial and temporal 

dimensions in the inventory of the data used, ie no distinction is made between impacts 

that occur at different times and different places and this inevitably introduces uncertainty 

in the results of the impact. It also does not calculate the real changes occurring in the 

environment but only potential impacts and focuses only on environmental aspects of the 

product without considering other areas, such as, social or economic areas of the product. 

The accuracy of an LCA study can be limited by the availability and accessibility of 

relevant information. No coincidence that some researchers claim that this method is 

particularly suitable for long-term predictions, macro and unclear, which typically are 

characterized by lack of data and a high number of non-quantifiable factors. 

Moreover, for many processes, there is the lack of meaningful and updated 

information. The data should be collected from specific companies, but in this case, it 

should be taken into account that is often difficult to access. First of all, it is important to 

explain why the data are required, what will be done with these and how they will be 

presented. The privacy of a company is a very important factor to consider, especially with 

regard to the will of a company to disclose its own information, for example, the emission 

data that could reveal some technical or business secrets. This could potentially create 

them problems in the market. 

Another factor to consider in reference to the availability of the data is their 

obsolescence. According to the documentation of the SimaPro, most commonly used LCA 

software; about 80% of the necessary data is easily available in its databases, such as 

database Ecoinvent, of Swiss origin, covering nearly 4000 processes in the following 

industrial sectors: energy, transports, building materials, chemical products, paper and 

cardboard, agriculture and many others. All processes are equipped with extensive 

documentation, connected with the description of the data (name, unit, derivation of the 

given category and subcategory of belonging). Nevertheless, databases, although 

developed in different countries and according to common standards, often provide 

incomplete data. Furthermore, the data in the Ecoinvent relate mainly to activities in 

Switzerland and Western Europe. We do not have today an italian database for the LCA so 
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that it becomes necessary to refer to foreign databases with inevitable inaccuracies due to 

the verification of transferability of the data in our context. Assessments can be carried out 

but are very expensive in terms of time and cost, since each entry should be adapted to the 

Italian context and then, neat to the phase of analysis, it is necessary to collect a huge 

amount of data. 

In this regard in recent years, many research institutes such as Italy Environment, 

CNR, ENEA, Italian doctoral schools and research centers abroad are working in the 

creation of databases to be quite comprehensive and contextualized by country. 

Finally, being a scientific model, it naturally is a simplification of a physical system 

and that is why some experts blame a weak predictive power, while making it clear that it 

is not possible an absolute and complete representation of any effect of human activities on 

the environment and that no model can be a predictor of the perfect operation of a system. 

In general, however, it is understandable that such an innovative and potentially 

revolutionary methodology encounters some resistance. It is required more research in 

several disciplines to reach better and better definitions of impacts and their causes, and to 

create areas of training that can meet growing market demand for environmental 

assessment and optimization. 
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CHAPTER 4. SIMAPRO LCA STUDY 

Once explained the different photovoltaic technologies, understanding the life cycle 

of the technology used, amorphous silicon, and completion a state of the art regarding the 

LCA of this technology, in this chapter all this will be applied to do an LCA using Simapro 

software. 

4.1. Simapro, Ecoinvent, Ecoindicator 99 

Today there are many tools for making a LCA study. However,  using the example of 

the previous studies, it was decided to use Ecoinvent as LCA database; SimaPro as LCA 

software and Ecoindicator 99 as method to analyze the environmental impact. 

4.1.1. Simapro 

SimaPro, produced by Dutch company Pré Consultants, is nowadays one of the most  

common software to conduct the LCA studies; implemented for the first time in 1990, this 

software is used by users from over 60 countries worldwide, especially from large 

industries, consulting firms and universities to conduct important assessments on the 

environmental performances of a large variety of products, processes and services. It offers 

great flexibility by providing several modeling parameters; it permits an interactive 

analysis of results and comes with a large database. The latest version is SimaPro 7.3 and 

this professional tool, which is a development of earlier versions, allows you to collect 

monitor and analyze environmental performances of products and services, by examining 

in a systematic and transparent way, even complex life cycles, following the 

recommendations of the ISO 14040 series. 

Features of the software 

The main features of SimaPro software are as follows: 

- The presence of various SimaPro packages, for various needs and various levels 

of utility. In particular, there are three professional versions available on the 

market for a single user or in a unique version multi-user network for work 

teams. The three cited versions are "SimaPro Compact", the simplest version for 
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quick results, "SimaPro Analyst" for more detailed LCA studies and "SimaPro 

Developer",with characteristics similar to the Analyst version but with a few 

extra features, especially with regard to the connections with other softwares (for 

example with Excel). 

- The intuitive user interface follows the ISO 14040 series 

- Easy modeling, with the "Wizard" assistance. 

- Possibility of modeling various parameters, i.e. perform sensitivity analysis, 

analysis of uncertainty, define non-linear relationships among the parameters 

themselves, evaluating alternative scenarios for the products analyzed, thus 

obtaining different scenarios. 

- Availability of a certain number of national databases based on economic and 

environmental statistics for the insertion of data in input and output. 

- Direct link to Excel spreadsheet software or ASP. 

- Possibility of direct calculation for the evaluation of the impacts for each phase of 

the model. 

- Analysis of uncertainty by the Monte Carlo method. 

- Results available in graphs or tables. 

- Ability to present custom results, and to choose how to group and display them. 

- Availability to use the tree process to identify possible "hot spots". 

- Analysis of waste treatment and recycling scenarios. 

4.1.2. Databases 

The software SimaPro is inclusive of various databases for the inventory which 

includes thousands of processes and materials. In SimaPro 7.3, the databases described 

in the following paragraphs are available. 

4.1.3. Ecoindicator 99 

This method derived by the update and development of the Eco-indicator 95 method, 

is present in three versions: egalitarian (medium-term perspective), individualistic (the 

short term) and hierarchical (long-term perspective); the normalization and weighting are 

performed in the category of damage (the endpoint, in the terminology dictated by ISO). 

The categories of damage considered are three: 
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- Human health: (unit: DALY Disability Adjuste Life Years), which means that 

they the different disability caused by various diseases are weighted. 

- Ecosystem quality: (unit: PDF * m2yr; PDF: Potentially Disappeared Fraction of 

plant species), ie proportion of species threatened with extinction or extinct for a 

given area and in a certain period of time. 

- Resources: (unit: MJ surplus energy), ie additional energy requirement for 

compensating a lower future availability of mineral resources. 

In the phase of the evaluation of the damage, data arising from characterization and 

related to the impact categories considered in such a method, are added in the above three 

categories of harm. The figure below shows the three damage categories and the categories 

of impact in the Eco-Indicator 99 method.[27] 

 

Figure 4.1.4.1 Damage categories and categories of impact in the Eco- Indicator 99 

4.2. Module characteristics[28] 

The panel which will be study is UPM-800 made by The United Solar, an amorphous 

silicon commercial power-generation module. It is a tandem junction module that is 

manufactured using amorphous silicon thin-film technology.  

The stabilized performance of the UPM- 800 is 5%, although United Solar has 

recently begun manufacturing triple junction amorphous silicon modules with stabilized 

performances nearing 10%. [28] 
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4.2.1. Materials 

The PV module consists of active PV layers that are deposited on a 5-mil thick 

stainless steel substrate, encapsulated in a polymer matrix for protection from 

environmental degradation, reinforced with a steel backing plate and installed in an 

extruded aluminum frame for mounting and structural integrity. 

This module has a rated output of 22 W, is 119.4x34.3x3.8 cm (47.1”x13.5”x1.5”) in 

size and weighs 3.6 kg. The case study considered both the standard UPM-880 module and 

a frameless version, identical to the standard module but without the aluminum frame. The 

primary product materials used to manufacture the UPM-880 PV module are listed in 

Figure 4.2.1.1, although some trace materials are excluded. Then an scheme of all of these 

materials is done in the Figure 4.2.1.2. [29] 

 

Figure 4.2.1.1 UPM-880 product materials 

 

Figure 4.1.2.2. Major UMPM-880 product material constituents and their raw material 

sources 
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4.2.2. Manufacturing 

The UPM-880 module manufacturing process steps are shown in Figure 4.2.2.1 

Measurements of electricity use were taken from each process machine on a `per module' 

basis to determine manufacturing process energy requirements. Electrical energy was 

converted to primary (thermal) energy using the average conversion and performance for 

the Italian grid.  

Data for plant overhead energy and the life-cycle energy associated with process 

materials were not available in this study, although process materials were not expected to 

contribute much to manufacturing energy burden. An alternative means of evaluating 

manufacturing process energy is to divide the total plant energy requirements by the 

number of modules produced to end the energy burden on a `per module' basis.[28] 

 

Figure 4.2.2.1. UPM-880 manufacturing process steps. Solid lines denote in-plant material 

movement, dashed lines denote movement between plants 

4.2.3. Energy analysis 

The total energy investment, including material production, distribution and 

manufacturing, is 597.9 MJ for the United Solar UPM-880 standard module. The energy 

investment is 366.6 MJ for the frameless module. These results do not account for 

manufacturing facility overhead and process material energy, as specified in the 
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methodology. Specific energy requirements for material production, distribution and 

manufacturing are detailed below.[29] 

Material energy 

Material production energy for one PV module’s components is indicated in Figure 

4.2.3.1. When more than one material is required for a function, it is noted as “various” in 

the material column. This convention was used to simplify data presentation or preserve 

confidentiality. A comparison of the total standard module energy and the frameless 

module energy in Figure 4.2.3.. shows the significance of the aluminum frame in the UPM-

880 module energy use. 

 

Figure 4.2.3.1. Product material energy use (MJ per module) 

4.2.4. Assumptions 

Despite the theoretical data concerning the amount of materials as well as to the 

energy used in the process product,  it was necessary to assume certain values for various 

reasons: 

- The amount of data he had was insufficient 

- The actual material of the panel are not exactly in the database Siampro 

- The actual processes to manufacture  the panel are not exactly in the database 

Simapro 
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- It was not considered transport 

- The end of life of the panel is based on real scenarios but the percentage of 

recycled, reused or deposited is assumed. 

It has been another big assumption. Changed aluminum frame on the other of 

polyurethano (PUR). 

In energy, only took into account the most important process, ie the PEVCD, applied 

across the dimension of the module, 4m2. 

Materials[19] 

The materials used in the production of the panel have been: 

- Flat glass, coate at plant (3,01 kg) 

- MDI (0,18 kg) 

- Polyols, at plant (0,252 kg) 

- Boron carbide at plant (0,0018 kg) 

- Organophosphorus compond regional (0,0018 kg) 

- MG-silicon at plant (0,0018 kg) 

- Aluminium alloy at plant (0,0018 kg) 

- Acrylominila-butadiene-styrene (0,0018 kg) 

- Dummy-glu adhesive (0,0018 kg) 

- Polyurethane (PUR) carbon content (0,1kg) 

Energy 

-Selective coating, cooper sheet, physical vapour deposition (4 m2) 

4.3. Results of the study with Simapro software 

After defining the module materials, energy processes and have made the 

assumptions relevant to the study will ProMES. 

Three studies were done. The assembly is the same in all of them, only the disposal 

scenarios change. Those scenarios are: 

- Reuse of all of the components 

o It was supposed that 90% of the “wafer” and 90% of the frame was 

dissassembled; 

o From this amount, 90% of “wafer” and 90% of the frame was reused 

o The remainder materials were disposed at landfills 
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- Reuse of the “wafer” and recycling of the frame 

o It was supposed that 90% of the “wafer” and 90% of the frame was 

disassembled; 

o From this amount, 90% of “wafer” was reused and 90% of the frame was 

recycled 

o The remainder materials were disposed at landfills 

- Study without reuse 
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4.3.1. First study. Reuse of all of the components 

 

Figure 4.3.1.1. Assembly a-Si solar panel (2%) 
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Figure 4.3.1.1. represents the assembly of a a-Si solar panel. This network shows all 

processes together. Each box represents a process. The arrows present the flows between 

the processes. The red bar charts (or thermometers) indicate the environmental load 

generated in each process and its upstream processes. This is a useful feature, as it is 

possible to distinguish between important and less important processes. It permits to 

identify hotspots.  

There is another way to see how influent a process is. It can be observed through the 

arrows (flows) that connect processes together. The larger is the arrow, the bigger is the 

influence of the process. In this case, the biggest impact on the environment comes from 

the glass and the deposition process of the a-Si. 

If it was necessary to reduce the impact, we would have to look for materials with 

less impact or we would have to optimize the product manufacturing processes, which will 

make this production more sustainable. 

In the figure, only the different part of the module, and the processes to get the 

materials and to make the assembly of the module appear. 

In addition, not all the products appear in the representation, only those one that have 

an impact bigger than the 2% of the total (”cut-off value”). 

In fact, the frame does not appear. It means that the effect it has is really small. This 

can occur because the material is not too harmful to the environment or because the 

amount used is minimal, respect to the total weight of the panel. 
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Figure 4.3.1.3.  Life Cycle a-Si solar panel (0.5%) 

In the Figure 4.3.1.2. the life cycle of the entire panel is represented, not only the 

materials and processes relating to the assembly, but also the other phases of product. 

Each component or process life cycle, accompanied is also by a "thermometer". In 

the case of red thermometer, there wil be an environmental impact. However, when the 

thermometer is green it means that by reducing the environmental impact of the above. if 
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we rely on this criteria, we can see that the assembly phase has environmental costs, while 

the end of life, assumed in reuse, helps to reduce the impacts of the previous phase. 

It should be mention of how the reuse is represented in the life cycle. It was 

assumend that all of the panel will be dissassembled (disjoin frame and “wafer”). Then, 

most of the panel will be reused but not to do new panel, but in other applications, for 

example, construction. 

There were some problems to represent this graphically as the software understands 

that reuse is done on the same initial product. However, this is not a big problem, in final 

impact assessment do not care where reuse come from. 

 

Figure 4.3.1.3. Impact Assessment a-Si solar panel 

The Figure 4.3.1.3 represents the environmental impact of the life cycle. Red bars , 

represent assembly phase while the green part represent the end of life phase. 

We assumed the reuse of almost all the material, so we can see how the phase of end 

of life scenario is negative, while the manufacturing and assembly phase of the product is 

positive. 

When the impact is positive (>0%), it means that there is an impact on the 

environment. Nonetheless, when the impact is negative (<0%) it means that this phase has 

a positive impact on the environment because substract quantity to positive impact (>0%). 

In summary, we can see that because of the assumptions made, the manufacturing 

phase has a positive effect (>0%) while the end stage of life has negative (<0%). 
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Figure 4.3.1.4. Single score 

4.3.2. Comparison of the results of 3 studies 

Impact assessment 

 

Figure 4.3.1.3. Impact Assessment a-Si solar panel 
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Figure 4.3.2.1. Impact Assessment a-Si solar panel 

 

Figure 4.3.2.2. Impact Assessment a-Si solar panel 

The first and the second study consider reuse in their waste scenario. Because of it, 

all of them present the positive efect and the negative one (red and green bars). 

However, in the third stuty, no reuse assumptions were made so, the waste scenario 

not only reduces the impact of the assembly phase, but also increases it (it can be seen that 

some little green bar appear above the red ones).  
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Single score 

 

Figure 4.3.1.4. Single score 

 

Figure 4.3.2.3. Single score 

 

Figure 4.3.2.4. Single score 

 

In the case of the comparison of single score grafics, the same thing that occurs in the 

impact assesment can be seen. 
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CONCLUSIONS 

Due to new energy policies, the current cost of fossil fuels and environmental 

reasons related to the use of them, renewable energies can make a good choice. 

When we hear “renewable energy”, “green energy”, we could think that any 

environmental impact is associated to the manufacture of this technology. However, thanks 

to the LCA study made, we could see that this is not entirely true. 

According to the results obtained, the manufacturing process is associated with a 

significant environmental impact. The graphs obtained indicate that the factors of greatest 

impact are the glass used and the process of deposition of a-Si. Consequently, if one 

wanted to limit this impact, it would suffice to choose other materials or processes that are 

less harmful to the environment. 

It has also been found that the choice of end of life stage, is a very important part in 

the design phase of product development because it may decrease the effect of the 

manufacturing phase (as seen in the first and second study) or increase (as in the third 

study). 

Finally, it is important that assumptions made and the quality of the data used may 

significantly change the results. To perform a proper study, it would be necessary to have 

actual data. 
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CHAPTER 1. 
PHOTOVOLTAIC TECHNOLOGIES

1.1.   Basics of photovoltaic power generation
1.1.1. Photovoltaic effect 
Photovoltaic energy

• Energy from the sun used to create electricity;

• Requires only daylight, not direct sunlight;

• The cell consists of one or two layer of semi-conducting material. When light shines on the cell, creates an electric 

field across the layer, causing the electricity flow.

Figure 1. Photovoltaic effect



1.2. Classification

CHAPTER 1. 
PHOTOVOLTAIC TECHNOLOGIES

1.3. Applications
• Building;

• End consumer applications (calculators…);

• Electric power in space;

• Rural electrification;

• Space-based solar power (SBSP): collecting solar power in space for use on Earth;

• …

Figure 2. Photovoltaics classification Figure 3. Main characteristics of the different PV technologies



CHAPTER 2. 
State of art production of amorphous silicon solar 
panels

2.1. Raw materia. Silane production

• Silane is an extremely flammable chemical compound with chemical formula SiH4;

• Industrially, silane is produced from metallurgical grade silicon in a two-step process. In the first step, powdered 

silicon is reacted with hydrogen chloride at about 300 °C to produce trichlorosilane, HSiCl3, along with hydrogen 

gas, according to the chemical equation:

Si + 3 HCl → HSiCl3 + H2 

The trichlorosilane is then boiled on a resinous bed containing a catalyst which promotes the formation of silane and 

silicon tetrachloride according to the chemical equation:

4 HSiCl3 → SiH4 + 3 SiCl4

• There are two main different processes to obtain silane

 The Union Carbide Process

 The Ethyl Corporation Process 



2.2. Manufacturing

Main processes of a-Si deposition
• PECVD

• Roll to Roll

T-SOLAR a-Si solar panel 
manufacture

Cell structure. Solar panel

CHAPTER 2. 
State of art production of amorphous silicon solar 
panels

Figure 4. PECVD process Figure 4. Roll to roll 
process

Figure 5. a-Si cell structure Figure 6. a-Si solar panel Figure 7. a-Si solar panel manufacture



2.3. Use

Figure 8. Cumulative installed globar PV capacity
Figure 9. Solar PV installed capacities in leading countries

CHAPTER 2. 
State of art production of amorphous silicon solar 
panels



2.4. End of life

• There are not many studies regarding the end of life scenario of photovoltaic amorphous silicon technology.

• Of the few references found, should be mentioned:
 SENSE project, that studies the different strategies to life thin film panels;

 The possibility of reusing the panel in the construction, without the frame and  the electrical components, 
as an element in the matrices.

• If no reuse or recycling is available the modules will be disposed

CHAPTER 2. 
State of art production of amorphous silicon solar 
panels



CHAPTER 3. 
State of art a-Si LCA

3.1. LCA approximation
LCA is an approach to environmental management system implementation involving the quantitative evaluation of a 

product’s overall environmental impact.

3.2. LCA guidelines for PV systems
Recently, a set of LCA guidelines for PV systems titled “Methodology Guidelines on Life Cycle Assessment of 

Photovoltaic Electricity” was published by the International Energy Agency Photovoltaic Power System Program 

(IEA PVPS), Task 12, Subtask 20. 

Figure 10. Life cycle assessment framework



3.3. State of art LCA a-Si

3.4. Criticism towards LCA techniques

• LCA is not a certification;

• LCA study does not determine which product or process is more profitable or works better;

• , there is definitely a component of subjectivity in the nature of choices (sources…);

• for many processes, there is the lack of meaningful and updated information;

• the availability of the data is their obsolescence.

• …

CHAPTER 3. 
State of art a-Si LCA



CHAPTER 4. 
SimaPro LCA study

4.1. Simapro, Ecoinvent, Ecoindicator 99
Today there are many tools for making a LCA study. However, using the example of the previous studies, it was decided

to use Ecoinvent as LCA database; SimaPro as LCA software and Ecoindicator 99 as method to analyze the environmental

impact.

Ecoinvent quality of data was a very important step in the LCA study made



4.2. Module characteristics

Assumptions
• The end of life of the panel is based on real scenarios but the percentage of recycled, reused or deposited is 

assumed;

• It has been another big assumption. Changed aluminum frame on the other of polyurethano (PUR);

• In energy, only took into account the most important process, ie the PEVCD, applied across the dimension of the 

module, 4m2;

• The actual processes to manufacture  the panel are not exactly in the database Simapro;

• The actual material of the panel are not exactly in the database Siampro;

• It was not considered transport;

• The amount of data he had was insufficient.

CHAPTER 4. 
SimaPro LCA study

Figure 11. UPM-880 product materials Figure 12. Major UMPM-880 product material constituents and 
their raw material sources



4.3. Results of the study with SimaPro software
Three studies were done. The assembly is the same in all of them, only the disposal scenarios change. Those 

scenarios are:

• Reuse of all of the components

 It was supposed that 90% of the “wafer” and 90% of the frame was dissassembled;

 From this amount, 90% of “wafer” and 90% of the frame was reused

 The remainder materials were disposed at landfills

• Reuse of the “wafer” and recycling of the frame

 It was supposed that 90% of the “wafer” and 90% of the frame was dissassembled;

 From this amount, 90% of “wafer” was reused and 90% of the frame was recycled

 The remainder materials were disposed at landfills

• Only landfill

 There was no reuse/recycle scenario defined. All of the product is deposited at landfills

CHAPTER 4. 
SimaPro LCA study



Comparison of Life cycle networks 

CHAPTER 4. 
SimaPro LCA study

Figure 13. Life cycle network 
scenario 1

Figure 14. Life cycle network 
scenario 2

Figure 15. Life cycle network 
scenario 3



Comparison of Impact Assessment

CHAPTER 4. 
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Figure 16. Impact assessment scenario 1 Figure 17. Impact assessment scenario 2

Figure 18. Impact assessment scenario 3



Comparison Single Score
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Figure 19. Single score scenario 1

Figure 21. Single score scenario 3

Figure 20. Single score scenario 2
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