1 INTRODUCTION

“PV technology, like most new technologies, has been caught in the classc «chicken-
or-egg» quandary where product cost-cutting is inhibited by a lack of volume market, while
market Szeisin turn inhibited by product cost”.

This is the syndrome to bresk as an essentid first step toward acceerating the
commercidization of PVs.

Photovoaltaic literature agrees that numerous cost-effective photovoltaic measures could
be undertaken, but they are not because market barriers discourage such investments. Smilar
arguments are used for solar therma and energy conservation measures.

A review of these barriers indicates that, in generd, they do not discourage investment
and there are not market failures.

A conventiond investment mode suggests that business investments in photovoltaics
are made with the same decison rules as any other investments.

Consumers who invest in photovoltaics require higher rates of return when the
investments have a lack of liquidity and they are undble to diversfy away the risk. The high
discount rates required by consumers for energy-efficiency instruments reflect real cogsin a
competitive market, not artificid market barriers.

Photovoltaics is not an exception and in fact any photovoltaic plant composed of
polycrystaline cells has an energy pay-back time, i.e. the time required to generate the same
quantity of energy as was needed to build it - about Six-saven years, during this period it isa
"negative" eectricity generator and only afterwards does it become a "podtive' dectricity
generator.

This means that a polycrystdline photovoltaic plant during its life is not an ectricity
generator but rather a storage system.



New advanced technologies, till a the experimental phase, such as thin films should
have energy pay-back times in the order of afew months. Indeed, it seems that for materids
such as amorphous dlicon it is equa to 6 months, for CIS is equa to 3-4 months and for
cadmium telluride is 1.6 months.

Because of the intrindgc characteristics of PV , besdes activities related to the energy
sector where there is competition from other traditiona energy sources, specia interest comes
from the interactions with other human sectors of activity and from new opportunities never
implemented before with other energy sources, for instance where improvements to the qudity
of lifein anon competitive Stuation arethe ams.

This is demondrated by the inconsistency of contribution which the photovoltaics can
give to the world energy needs.

In the firg table the world gross interna energy consumption is given in absolute vaues
and in percentage values for the years 1973 and 1992.

In the second table the world energy availability is given again in absolute vaues and
percentage values for years 1973 and 1992.

In the third and fourth tables some information as in the first and second tables above
are given for the EU countries.

GrossInternal Energy Consumption in the World:
Absolute Values (Mtep) and Percentage Valuesin 1973 and 1992

WORLD 1973 (%) 1992 (%)
Solids 1568 (28) 2266 (28)
Oil Products 2825 (49) 3205 (39)
Natural Gas 978 a7 1731 (22)
Electric Energy (1) 287 5) 507 (6)
Nuclear Energy 45 Q) 468 (6)

Total 5703 (100) 8177 (100)
(1) Itincludes: hydroelectric, geothermoelectric, other renewable energies and import balance




World Energy Availability:

Absolute Values (TWh) and Per centage Valuesin 1973 and 1992

WORLD 1973 (%) 1992 (%)
Solids 2420 (39) 4727 (39)
Oil Products 1529 (25) 1362 (11)
Natural Gas 755 (12) 1650 (24)
Electric Energy (1) 1310 (21) 2307 (29)
Nuclear Energy 203 3) 2094 a7

Total 6217 (100) 12140 (100)

(1) Itincludes: hydroelectric, geothermoelectric, other renewable energies

EU Gross|Internal Energy Consumption:

Absolute Values (Mtep) and Percentage Valuesin 1973 and 1992

WORLD 1973 (%) 1992 (%)
Solids 293 (26) 267 (22)
Oil Products 674 (59) 574 (45)
Natural Gas 118 (12) 229 (18)
Electric Energy (1) 36 3 44 (4)
Nuclear Energy 15 (2) 151 (12)

Total 1136 (100) 1266 (100)

(1) Itincludes: hydroelectric, geothermoelectric, other renewable energies and import balance

EU Energy Availability:

Absolute Values (TWh) and Per centage Valuesin 1973 and 1992

WORLD 1973 (%) 1992 (%)
Solids 520 (43) 760 (39)
Oil Products 361 (30) 211 (11)
Natural Gas 111 (9) 130 (7)
Electric Energy (1) 152 (13) 182 9)
Nuclear Energy 66 (5) 678 (34)

Total 1210 (100) 1961 (100)

(1) Itincludes: hydroelectric, geothermoelectric, other renewable energies




Agang figures shown in the above tables the PV dectricity generation in EU countries
in 1993 amounted to about 0.5 TWh/year which corresponded to about 0.003% of annua
European dectric consumption, and was enough to supply about 0.05 million people.

All the considerations above show that a new approach is necessary to break the
«chicken-or-egg» syndrome.

Consdering, for example, the Itdian Stuation, eectric energy consumption in 1992
was 245000 GWh, an increment of 3900 GWh (+1.6%) compared to that of 1991.

Supposing an average annud growth of 1% (x2500 GWh) of RES, of which 3/5
mini-hydro, 1/5 photovoltaics, 1/5 eolic, a PV increment of 500 GWh/year, i.e. 500000
MWhlyear, should be achieved. Sincein Italy eectricity production from PV is about 1400
MWHMWp ingtdled, 350 MWplyear should have to be installed.

However this figure is beyond the scope of PV a present: in fact in Europe today,
producers have a total production capacity of about 10 MWplyear/shift; working with more
shiftsthey could satisfy requests up to 35 MWplyear.

Working at full regime for 10 years the European producers could produce, with the
present production capacity, about 350 MWp. This would only be a token contribution to the
energy sector, but it is very near to the objectives fixed by the CEU DGXVII, Altener
Programme which foresees in 2005 only about 500 MW)p ingtdled in the whole of Europe.

This means that, at leest up to 2005, grid connected PV plants will be only
demondtrative and will not contribute to the effective production of eectric energy.

The cost factor should aso be considered, however, and therefore the discussion point
is not so much about power production but about the cost of the PV-Wp againg the Fossll
FuelsWh.

An andysis of this comparison is given in Section 3.3 of this sudy.

Such an gpproach should not only take into account the percentage of energy
contribution that photovoltaics can offer, but to make consstent progress towards



photovoltaic market development and penetration with a consequent cost decrease, the PV
actions should be coherently linked to the following main gods of the European Union:

Employment Cregtion

Economic Growth

Environmenta Protection

and photovoltaic plants should give a consistent contribution towards:

Improvement of quality of life supplying primary needs where lacking

Improvement of quality of life supplying extra secondary needs

Easing the higher nationa eectric demand during pesk hours and the grid connection of
termind Stes.

In this scenario the three main lines of action to be supported to give a consstent boost
to the photovoltaic market towards a salf sustained economy should be the following:

1) New opportunitiesin the non-energy market (not otherwise possible without PV).

Such new opportunities exist in dl those situations in which the Nationa Electric Grid does
not exig or where any other economicdly viable solution cannot be implemented for
technical reasons.

For example it is useful to remember the PV vaccine cold chain, the PV fire watcher, the
PV water mains watcher, etc., in which the energy aspect is secondary to the improvement
of the qudlity of life

2) Small isbeautiful, i.e. the development of smdl and digtributed PV systems, through the
incentive of the PV engineering and systems firms and the setting up of more of them.



Such firms should have the role of designing and marketing the systems, gathering al the
necessary equipment to make each specific plant, to ingal them and to carry out the after
sdes sarvices.,

There should be an incentive for new inddlations, fixing the gods that the firms involved
should reach, i.e. improved B.O.S. components, €etc.

In this approach the following photovoltaic systems have been considered:

Fixed PV _didribution (mainly to contribute to National Electric Grids during pesk
hours)

- Photovaltaic roofs

- Platform shdlters, efc.

Mobile PV_didribution (mainly for extra secondary needs and hedth emergency
Stuations not otherwise possible)

- Cdculators

- Televisons

- Refrigerators

- Mobile medical units

3) Big is necessary to contribute to National Electric Grids during pesk hours. It is
necessary to sugtain the market with demondration plants of suitable dimensions to
monitor step by step results of research into new PV technologies in which high
investments are necessary. In such cases the following congraints gpply:

a) The plants should be completely supported by Nationd Electric Indtitutions or by ad
hoc legidation.

b) The plants should dl be grid connected to minimize the passive cogts diminding the
storage.

¢) The orders of the Electric Ingtitutions to the producers should be distributed over the
year as afunction of their production capabilities.



d) R& D support should in parald be ensured by Nationa and International Bodies such
as Minigry of Indudtries, Ministry of Scientific and Technological Research, EU etc. to
overcome “ bottlenecks’ in the PV production process and reduce production costs.

Today PV modules which are employed in power plants are produced using crystdline
dlicon (x-S) as the active materid. The two forms are monocrystdline (cr-S) and

polycrysdline (poly-S).

Technologies based on other materids have been sudied for many years without
reaching the technicad and economic results which would make industrid production of such
PV technologies viable for eectric power generation.

In fact industria production of PV modules can be achieved only if the technologica
process responds to the following requirements:

Rdiability of the parameters which regulate the process
Rdiahility of technologica equipment
Wil known process efficiencies in agreement with the materids cos.

In the x-S technology the above requirements, which are the obvious requirements to
dart any industrid production, are achieved, dbeit with difficulty, whereas as far as the other
active materids are concerned these requirements are not met a al.

From the above cong derations the assumption below logicdly follows:

to achieve the " Altener” objective of 500 MWp in the year 2010, the indudtrial
processes based on x-Si technology ar e the only viable solution.

However, existing PV production plants are only running at 50% of their
production capacity and it is questionable whether PV producers, in the
circumstances, could invest in new production capacity today, even taking into
account the promising new technologies.

The technology of x-S modules cannot be consdered completely developed.
Condderable improvements are in progress both at the conversion efficiency leve and at the



process engineering leve. It isthis second agpect in particular which will dlow x-S technology
to achieve the cost objectives needed for the year 2010.

In chapter 2 of this study it will be demondtrated that the conditions exist to develop a
manufacturing technology of x-S PV modules with an indudtrid cost of about 1.8 ECU/Wp
for PV production volumes of about 10 MWplyear/shift and with a conversion efficiency of
128 W/n? for poly-S modules and with the same solar cdll structure used today.

Thiswill show thet it does not follow that new devices necessarily have to be used; it is
aufficient to introduce more updated manufacturing systems which dlow an increase in the
production rate of the existing process lines from about 0.15 ne/min. up to about 1 ne/min.

Since these rate increases do not imply device changes, they could be gradualy
introduced in the existing production lines. The results achieved would be proportiond to the
investments. Therefore a greet investment for new completely different process lines would not
be required as these might naturaly occur in the case of new PV technologies.

In section 3.1 of this sudy an analysis of such new technologies is carried out. This
includes some congderations about their development and incorporates some eements of
costs.

The producers of PV modules are today facing a market Stuation which is dominated
by the consumer. The PV modules prices are around 3,5 - 4 ECU/Wp - vaues very near to
the industria production costs.

The Gross Operating Margin does not exist at al or in some cases is a negative vaue.

The current production methodology aone cannot creste an economic margin able to
support the necessary technological development to achieve the objectives fixed for the year
2010.

Such developments must therefore be supported by contributions from EU (Joule,
Thermie, Altener), Nationd Governments, National Electric Indtitutions, the PV industries
owners Groups themselves, etc.

To be wholly effective, it is necessary that commercia actions should be completely
separated from R&D actions and that any support for R&D should go gtrictly towards R&D



activities; commercia activities should be completdy financed by Nationd Electric Inditutions
whereas R& D actions should be financed by the other bodies mentioned above.

It is dso essentid that commercia actions and R& D actions are completely separated
and differentiated in the firms financia statements. This does not dways happen, particularly if
the commercid activities create some problems in the accounts, but it could be achieved with
the creation of gppropriate cost centres. Frequent Audits could help to discourage improper
accounting practices.

The effect that intervention can have on the PV market at world leve is presented in
the following illudrations, a a qudity leve.

The am of this study is to quantify such a qudity approach and to find policies and
tools capable of inducing the accelerated production scenarios.

The illugtrations demondrate that a completely "hands-off" gpproach - withdrawing
nationd and internationd financid support from programmes - would result in some initid
decline of the present market followed by some limited growth as the truly commercidly vigble
markets develop.

Following invedtigations of the effect of the different intervention options, it would
appear that a targeted gpproach using the existing level of public funding could accelerate the
market.
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Ohbvioudy though, increased, carefully targeted public funding for PV (fallowing the
application of the market development modd) would have the grestest impact in accelerating
the market.

The cost benefits of PV induced interventions can be used to asss in the development
of a European PV drategy.

Benefits can be considered with respect to:

avoidance of CO, emissons

employment generation (through application of PV in Europe of increased exports arisng
from cost benefits of increased levels of production)

energy diverdty and security.

It should be noted that some intervention policies such as a carbon tax on power
generation can generate income to public funds whilst encouraging the application of PV (and
other renewables).

The three lines of actions mentioned earlier need to be supported to promote PV
market development. These represent the tools needed to induce the gap introduced in the
quality approach above between the business as usua curve and the targeted and accelerated
scenarios curve together with the incentives to R&D activities for crydaline and new PV
technologies which represent another necessary and equally important tool.

In this respect the financing bodies should:
a) Edablish budgets and measures for each line of activity presented above. Envisaged
measures for the line of action (3), “Big is necessary”, could be case studies in which to

andyze feaghility of large PV plantsin EU countries.

b) Define precise goas which the European PV indudtries should reech in terms of module
ddivery times, higher efficiencies and cost reductions.

c) Define precise gods for the PV engineering and systemsfirms for installed kWs.



To edtablish such godsin away to be redigticadly achieved by PV producers and PV
engineering and systems firms it is necessary to carry out the microeconomic andyss of the
PV production process. A widely used PV production process is finey andyzed in chapter 2
of this sudy.

In this sudy dl the issues outlined in this chapter will be reviewed more closdly and
andyzed together with these other aspects.

PV production process. sengtivity andyss

PV-kWh cogt: sengtivity anadlyss

Socia cods of the traditiona eectricity generation and PV-kWh "credit”
Cryddline slicon technology: technicad improvements

Immission of PV in the dectric grid

Cost and volume god's needed to reach the general competitivity
Evolution of the polysilicon PV module cost

B.O.S. cost considerations and improvement
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2. THE MICROECONOMIC AND SENSTIVITY ANALYSES OF THE
PHOTOVOLTAIC PROCESS. ITS ECONOMICAL INVARIANTS AND
ITSCOSTS

21 PV MODULESPRODUCTION TECHNOLOGIES

Currently the photovoltaic modules used for dectric energy production are built from
crystdline slicon (x-S) asthe active photovoltaic materid.

Thin film modules are dso built a demondration level but rdiable technica-economic
evauations are not available and in any case not suitable for the purposes of this report which
takes into account only processes effectively used at the industrid levl.

In chapter 3 of this study the dtate of the art of technologies other than crystdline
slicon will be consdered.

The evduations in this chapter refer to the production of x-S modules both in the
monocrydaline and polycryddline form, which as has dready been dressed in the
introduction, are the sole technologies able to respond to the necessary requirements for an
industrid processi.e.:

Rdiability of the parameters which regulate the process
Rdiahility of technologica equipment
Wil known process efficiencies in agreement with the materids cos.
In redlity, it is not yet clear which of the two forms is the most suitable for decreasing

production costs. An additiona purpose of these consderations, therefore, is to examine the
problem from this point of view.

Anayss of large PV power plants shows that the mgor cost of such inddlations is

attributable to the PV modules which account for about 50% of the total cost of the plant. The
remaining 50% is attributed to the so called "Baance of Sysem" (B.O.S.) component.
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Published results of the "ELIO 1" plant in Italy for example, built by ANIT S, show
that PV modules cost account for 53.5% of total plant cogt, the rest being distributed among
other components of cost as graphicdly illustrated hereinafter.

A detailed andlysis of the PV module production process is therefore necessary to see
where and which “bottlenecks’ can be reduced or avoided to cut down costs.

The word “cost” in this study refersto industrial cost and therefore does not reflect the
PV price.

Nowadays the relation between cost and price is quite casua because the industria
sector is not quite mature, in fact the entire production process is gill consdered an
experimental and demonstration sector and not a business opportunity yet.

The current module price of about 3.5 ECU/Wp does not cover trading expenses. This
implies that PV producers, as dready mentioned in the previous chapter are accumulating
losses.

The study was carried out with the data available between June and September 1994.
It is obvious that the generd methodology introduced has a generd vdidity and the
interested reader can use it for severd scopes using the updated vaues of the various

parameters involved in the methodology itsalf.

The exchange rate used throughout the study was 1 ECU = 2000 Liras and ¥ECU =
0.8.

Congdderations on the B.O.S. improvements can dso be found in this chapter,
accounting for a high cost component.
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2.1.1 ProcessFlow Chart

To produce crystd dlicon modules, both monocrysdline and polycrysdling, it is
necessary to use a series of technologica processes very different from each other, as far as
the industrid technology is concerned:

a) Preparation of the crystal (mono and poly) to start from the prime materials

Thee are operations with a metdlurgica character which need high investments,
knowledge of the chemicd-physcd field and operations at a continuous cycle.

This phase comprehends the feedstock preparation to start from the prime materid (Solar
Grade Silicon, S.G. S) and requires to be discussed in detal in a separate paragraph in
this report (see paragraph 2.4.5).

In the discussion of the flow chart given in Figure 1 the garting point is the feedstock
cryddlization; this is a by-product of the dlicon manufecture for an dectronic use
(Electronic Grade Silicon Scraps, E.G. Si-Scraps).

The available quantities of such a materiad is estimated around 2000 ton/year (see Figure
14 in this report), i.e. it is sufficient for a production of about 100 MWplyear when the
whole actua market is around 60 MWplyear.

The price of such amaterid is around 8 ECU/kg.

In the present report the hypothesis to use E.G. Si-Scraps as feedstock is considered.

b) Silicon ingots cut into Si-substrates

Thisis an operation of mechanica type which requires a specific knowledge in mechanica

engineering, particularly quaified operators, high investments.
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c)

d)

Transformation of the substratesin solar cells

This is a phase of the work which shows severd anaogies with the sector of eectronic
components which requires specidistic competencies, particular attention to the
technological details, moderate investments in respect to phases (&) and (b) above,
automatic processes with a strong control of the operating parameters.

Assembling of the solar cellsin modules

Thisis an operation with a technological content lower than the preceding phases.

The result depends more on the work accuracy than on the specific competence.

The requested investments can be low in view of the fact that the automation leve is
determined by the whole saving and not by process needs.
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2.2 PRODUCTION COSTS EVALUATION OF MONOCRYSTALLINE AND
POLYCRYSTALLINE SILICON WAFERS

To obtain economica evauation it is necessary to look in detall into the single phases.
The andysiswill be carried out with the following criteria

Within each phase the manufacturing process characterized by specific machines are
identified.
For each specific machine the following is determined:

- the flow of materids which are necessary to the transformation of the product which
enters a certain manufacturing process from the product which goes out;

- the work necessary to obtain the transformation;

- theinvestments reated to the building and to the technical immobilization;
- the energy consumption;

- the efficdency with which the trandformation is obtained.

A specific cost correspond to each of those items and it is the transformation cost related
to the manufacturing process considered.

The trandformation costs of each manufacturing process will determine the cost of the
product of each single phase.

For each phase the supervisors costs are caculated and the overheads are added to the
product cost

The costs are caculated for a "basic casg" and then the influence of the various parameters
isandyzed purposdy disrupting the "basic case'.
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2.2.1 Determination of the "Basic Case' and Analysis of the Wafers Production
Process

As "badc casg' the production of polycryddline glicon is consdered. The
polycrystdline silicon is prepared by directiond solidification in crucible,

This method is followed because it is nowadays widely used in Europe (Photowait,
Bayer, Eurosolare, Crystalox) and aso because it can be furtherly improved as far as the
wafer area and its thickness are concerned.

The crygdlization furnaces are nowadays able to produce ingots of polycrystdline
dlicon having dimensions 53 cm x 53 cm x 23 cm for aweight of 150 kg in a cyde of about
50 hours.

The cycle takes place in an automatic way and this is such that a sngle operator is
enough to control 6 furnaces. This condderation determines the dimensioning of the Crysd

Growth Department.

Hereinafter phases of the wafers production process are analyzed as follows:
Phase a) - Crystal Growth Department
Phase b) - Wafering Department

together with an andysis of the wafer cogst.

Phase a) - Crystal Growth Department

The scheme of this department isillusirated in Figure 2.

There are four work stations.
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Station n° 1 - Silicon salection

In this gtation the E.G. S Scraps (in most part they are heads and tails of CZ ingots, but other
wadte from different working cycles can aso be used) are sdected according to their eectric
sgn and therefore are classified according to their resdtivity.

The "sgn selection” is carried out by means of the Seebeck effect and therefore the scraps are
subdivided into type "p" materid and type "n" materid. The type "p" materid is then classfied
according to its resgtivity by means of afour spikes measure.

Asthefind ingot should be type"p" with aresdivity of about 1 ohm xcm, the dassfication will
be done in the following way:

Type"p"a) 05 £ r < 1 ohmxcm
b) 10 £r < 3 ohmxm
C) 30 £r < 5 ohmxm
d) 50 £ r < 10 ohm xcm
€) r > 10 ohm xcm

Also type"n" materia can be used, but withar > 3 ohm xcm, otherwise the find ingot could
result disomogeneous in resdivity.

Station n° 2 - Crucible prepar ation

The characteridtics of the ingot are strongly dependent on the crucible in which the feedstock is
melted and where the directiond solidification takes place.

A proper preparation of the crucibleis essentia to obtain useful ingots.

They are crucibles in syntherised amorphous quartz obtained by dip casting. Because the
melted slicon attacks the quartz, this sticks on the dlicon and during the cooling phase,
because of the different thermd expanson coefficient of the two materids, srong tensons
arise between quartz and silicon. The result isthat the ingot bresks and it becomes usdess.



To overcome this problem a "varnish” based on dlicon nitride (S; N4) has been developed.
This acts as a separation layer between quartz and silicon.

The varnish preparaion, its depogtion on the crucible internd walls and the "cooking" to

eiminate the solvent are dl very ddicate operations. Therefore the dation is made of a
chemical bench to prepare the varnish, a varnishing bench and a drying furnace.

Station n° 3 - Silicon feedstock cleaning and char ge prepar ation

The sdected slicon coming from gation n° 1 is atacked by an dkaine solution to remove the
surface impurities; the charge is then neutrdized with chloridric acid and findly washed
carefully usng deionized water.

The slicon isthen perfectly dried in the furnace.

To prepare the charge to the sdected and washed silicon a certain amount of "mother dloy” is
added. Thisisasdlicon strongly doped with boron with r » 10-3 ohm xcm.

The quantity to be added depends on the sengtivity and on the dectric Sgn of the selected
dlicon used.

The type of the charge is dso reevant in respect to the results; generally pieces of about 1 kg
are postioned firgt in the crucible, being careful not to scratch the crucible surface and then the
holes are filled with slicon of smaller Szes. The crucibles are such to accept up to 170 kg of
seected Slicon.

Station n° 4 - Crystal Growth

The charge is placed insde the furnace, on a support cooled with water. Inside the furnace the
vacuum is made with two ams:

a) todiminate every resdud humidity,

b) to verify the good working conditions of the instrumentation.

The charge is heated and inert gasiis put into the furnace to melt the charge completely.



The cryddlization cycle is therefore initiated. This takes place under a twofold effect of a
gradud cooling of the chamber and of a lowering of the charge by means of the cooled
support, from the heated chamber to a not heated area of the furnace.

For a 150 kg charge the crydalization cycle has the overdl duration of about 55 hours.
Because 335 days available in a year are consdered for atotd of 8040 hours, each furnace
will be able to make 146 cycleslyear. It is necessary, nevertheless, to consider times necessary
for maintenance and possible failures.

Therefore the andyss condders a furnace use coefficient of 0.8 and consequently 117
useful cycles per furnace.

The economic andyss of Crystd Growth Department is shown in Table 1 (definition
of the "badc casg") and in Table 3 where the results rdated to the "basic casg’, whose
hypotheses are indicated in Table 1, are shown.

For comparison in Table 3 the results are dso given for the preparation of
monocrysaline slicon according to the Czochrolski method (CZ pulling) on the bads of the
hypotheses shown in Table 2 which takes into account the same quantity of product (»
100000 kglyear).

Discussion of the Analysis

The "basic case’ takesto a cost of the crystalized silicon of 27.67 ECU/kg for a production of
100320 kg/year.

54% of the above cost is due to consumable materials which can reach 62% if ectric energy
isincluded.

Personnel cost represents only 10% of thetotal cost.



The process is therefore a "materia intensve' process with a result which does not change
much with the variation of the production volume. In fact to a doubling of the volume only a
8% cost decrease is obtained.

It is therefore clear that to improve the result it occurs to work on the process yidds rather
than on the volumes; the process yields depend on the operators capacity, they should be
motivated and sufficient in number.

Supposing to increase the materid yied from 0.86 to 0.95 the cost of the crystalized slicon
would decrease from 27.67 ECU/kg to 25.04 ECU/kg with an annual saving equd to the

wage of 6 operators.

In other words the factor process yield is very important in the determination of the product
cost and the maximum effort should be made to congtantly improve the process yields.

The comparison between monocrystaline and polycrystdline silicon for the same quantity of
product is interesting.

The higher cost of monocrystaline product (about the double) depends on the higher cost of
energy, which weighs 22% of the tota cost againgt 10% of polycrystdline silicon, on the higher
cogt of the plants (23% againgt 16%) and on an higher consumption of chemicas (gas etc.).

All the above is the consequence of the lower quantity of ingot which every furnace can
produce (» 1 kg/hour in the case of CZ againgt 3 kg/hour of polycrysdline silicon) and of the

higher energy content of CZ dlicon (175 kWh/kg againg 25 kWh/kg) which is due to the
more difficult management of the liquid-solid interface equilibrium.

Phase b) - Wafering Department

The flow chart of the wafering department is shown in Figure 3.

Three working stations are needed to transform silicon ingotsin quaified wafers.

Station n° 5 - Cutting of silicon ingotsin blocks




The slicon ingots should be cut in blocks of 10 cm x 10 cm section in the "basic case'.

Because the ingots have a Sde of 53 cm, from each ingot 25 blocks of about 23 cm height can
be obtained.

This operaion which is made by a circular diamond blade implies a loss of materid equd to
0.89 (shaping yields).

Measurements of the life-time of the minority carriers have shown tha not dl the materid has
the necessary characterigtics (t > 3 msec) to be used.

The parts in contact with the crucible have insufficient characterigtics for a depth of about 1.5
cm, while the upper part of the ingot, even if not in contact with the crucible, shows a zone
deep at least 1.5 cmwithalow t.

Near the corners the contaminated areais even deeper. Therefore from asingle ingot 21
blocks of 20 cm height and 4 blocks of 15 cm height can be made.

So from aingot of 150 kg 111.8 kg useful are obtained, with a metdlurgica yield equd to
0.74. If aprocessyield of 98% is consdered an overdl yield of 72% is obtained.

Station n° 6 - Silicon blocks wafering

In this gation the blocks coming from the preceding station, which have an height of 200 cm
and a section of 100 c? in the "basic casg’, are indtaled coupled over a glass plate in such a
way to form two adjacent pardleepipeds 40 cm long, so that each cut run will dice

40 cm x 2 x 100 ¢ x 2.33 g/cne = 18.6 kg of slicon.
This load is diced by means of awire saw with a 0.04 cm/min feed. Because the wire has a
thickness of 0.018 cm, to obtain wafers of 0.035 cm it is necessary to maintain a pitch of
0.055 cm, having considered a further tolerance of 0.002 cm.

Therefore acut operation produces

80 cm/0.055 = 1454 cutsin 10/0.04 » 4.2 hours



to which before starting the successive cut at least 1 hour should be added for a totd of at
least 6 hours.

Therefore asingle saw has atheoretica capacity of

335 days x 24/6 hours = 1340 cut cycles

Neverthel ess the saws need frequent maintenance and cleaning operation so that an availability
coefficient of 0.8 is considered and o the effective cycles are 1072.

Therefore in the above conditions the overdl capacity of awire saw is

1072 cycles x 1454 cuts/cycle = 1445688 cuts x 0.01 mé/cut =
=15590 me/wire saw/year

Because the blocks to be cut coming from the sation n° 5 are 70224 kg

70224/18.6 = 3775 cycles < 4 wire saws x 1072

will occur.

Four wire saws are therefore necessary. These would require 2 operators per shift for a tota
of 8 operators.

To make the cuts it is necessary to prepare amixture of "cut oil" and silicon carbide.

Extra costs derive from the disposal of the cut wastes with a cost evaluated in 2.5 ECU/kg of
dlicon to be cut.

This operation is very deicate the materid yidd is only of 0.605 and its vaue in weight
increases of 172%. Bana operative errors could induce serious economica damages.

Station n° 7 - Wafers separ ation, qualification and packing

The preceding station produces blocks cut with the wafers till anchored with glue and glass
subgtrate.



This gtation has the task to detach the wafers from the substrate, and dways with chemicas, to
separate the wafers amongst themselves, to take away oil and abrasive, to wash them in
delonized water, to dry them, to diminate those imperfect and findly to pack them up and to
send them to the warehouse,

They are mainly manua operations which carry out dso afind contral to diminate every wafer
which shows some metalurgica or cut problems.

The equipments are chemica hoods with some automatic auxiliary products and centrifuges to
dry the wafers.

The summarized data of the wafering depatment are shown in Table 4 both for
monocrystdline and polycrystdline slicon.

Also for this phase the consumable materias represent the most part of the cost (more than
70%) if input materiad isincluded.

It is confirmed that the most important point is to maintain the operations control so to
eliminate every error cause. The mgority of the losses can be attributed to a non optimal
management of this department. An increase of the production quantity will have beneficid
effects on the costs only if overdl yieds will improve as much as the volume increase.

The cods of the cuts are nearly equa both for monocrystaline and polycrystdline silicon (53.2
and 57.6 ECU/n? respectively).

Because the monocrystaline materia is more expengve, a bad management of this department
will have for this reason more negeative consequences, on the other hand an improvement of
the process yields will be higher for monocrystdline silicon.

An increase of the production volume causes only margind effects on the cuts codt, because all

theitems of cost are practically proportiona to the cut surface.
2.2.2_Analysis of the Wafer Cost




Important conclusion can be obtained putting together in a sole department al the
operations which take to the wafer, i.e. the Crysta Growth Department and the Wafering
Department are consdered together to identify the items which make the wafer cogt.

Such a cdculation both for monocrystaline and polycrystdline slicon is shown in
Tableb.

Consumable materids represent respectively 39% and 50% of the cogt and it is
confirmed that the wafer production implies "materid intensve' processes.

The dectric energy represents in the two cases 16% and 6% of the cost. These values
are important for monocrystdline slicon and not negligible for polycrystdline slicon and they
cannot be decreased.

Furthermore it is known that the energy contents of the wafer (excluding the feedstock)
is 270 kWh/ne for monocrystaline wafer and 70.3 kWh/n? for the polycrystdline wafer.

Totdly the manpower represents 15.2% and 18.5% of the respective codts, to
produce 47000 ¥ it is necessary to have 24 people of whom 21 operators distributed over
three continuous shifts in the polycrystdline case and 30 people in the monocrysalline case.

The depreciation rate of the plants (7 years) and of the buildings (15 years) contribute
12% for polycrygdline slicon and 18% for monocrystdline silicon.

In the case of polycrystdline wafers, to those depreciation rates corresponds an
invesment of 4.3 Millions ECU for technicd fixed assets and 0.6 MECU for indudtrid
buildings for an overdl under roof area of 780 ne.

For monocrystaline wafers the above vaues become: 9.73 MECU for equipment and
0.75 MECU for industria buildings for an equipped area of 1000 .

Overheads were caculated to the amount of 80% of the labour cost. These cover for
the cost of personnel management, maintenance, purchases.



Findly the "basic case’ determines a wafer cost of 116.5 ECU/n? (1.165 ECU/WH)
for polycrygdline silicon and 164.8 ECU/n? (1.58 ECU/WH) for monocrydtaline silicon.

Because of the incidence of the consumable materids it is an illuson to think that an
increase of production capacity will take to a significant improvement of the production costs.

The process yidds (monocrystaline = 0.77%; polycrystdline = 0.72%) and materia
yields (monocrystdline = 0.37%; polycrystdline = 0.32%) are very low; it is on this aspect
that it will be necessary to work to decrease the wafer codt.



2.2.3 Sendtivity Analysis on the Wafer Production Cost

Production Cost vs Volume

It was severd time stressed that, because of the high incidence of the cost related to
consumable materias over the overal wafer cost, an increase of the production volume would
have only margind beneficid effects.

An example of this is given in Table 3 for the dlicon ingots, where at the doubling of the
production capacity, does not correspond a significant decrease of the production cogt.

The same behaviour can be observed for the wafer production.
Findly an increase of the production capacity does not imply for the wafer cost an higher

decrease than the "basic case”.

Production Cost vs Process Yidd

The process yidds given in the tables can be classfied in two categories.

a) Those deriving from technologica aspects such as the shaping yieds and the metdlurgica
yidds of the ingots,

b) those deriving from datisicd errors, from a misfunctioning of the equipments, from
operation errors.

In the first case it will be possble to operate a a technological improvement leve of the
production processes and it will be discussed in the next paragraphs.

The type (b) yields depend on the reliability of the equipment, on the skill of the operators and
on the overdl production managemen.



In the "basic casg" the overdl materid yidd for the polycrystdline slicon is equd to 0.326
(Tableb).

The technologica factors correspond to 0,74 (metdlurgica yield) and 0.614 (materid yield of
the cut); the factors which depend on the control of the production system correspond to
0.718; if these improve for the effect of an improved management reaching up to 0.877,
relevant improvements on the cost can be obtained.

This effect is shown in Figure 4 where it can be seen that an improvement of 10% on the
materid yield can be found in a decrease of 25% of the wafer industrid codt.

Production Cost vs Wafer Thickness

It has been seen how much the materid cost influence the overdl cost of the slicon wefer.

Therefore a cost reduction is expected when the wafer becomes thinner and from 1 kg of
dlicon it is possible to obtain an higher number of wafers.

Obvioudy this is true if the process yields remain unchanged. The wire saws can cut without
any problems wafers as thins as 100 nm, but the successve operations of collection and
washing become more difficult when the thickness of the wafer decreases.

Furthermore when the thickness is less than 200 nm, the solar radiation is not completely
absorbed and the efficiency of the solar cell decreases unless some care is taken to opticaly
confine the radiation indde the cell.

InFigure 5 the sengtivity curve related to the production cost vs the wafer thickness is given.
The curve clearly shows that a a thickness decrease of 1/3 corresponds a cost decrease of
15%, due to the better use of the ingot.

Therefore the wafers thickness decrease is one of the most significant factors on which it is
necessary to work for the decrease of the PV cost.



Production Cost vs Wafer Area

As it will be seen a the solar cdl and module level there is an interest to increase the area of
the unitary device.

This, on principle, is uninfluent as far as the wafer production is concerned, because the costs
are proportiond to the weight of the crystaline silicon and to the area of the cut surface.

In the case of monocrygtdline silicon an increase of ingot diameter involves serious problems
at technologicd leve.

It is sufficient to condder that the pullers which produce ingots of 5" diameter cannot produce
ingots of sgnificantly greater diameters.

On the contrary in the case of the polycrystdline slicon the starting ingot has much greater
dimengions than the blocks which are used and therefore it can be hewed in the mogt suitable
dimensons.

It can be then evauated if an increase of the wafer area could involve advantages also at cost
leve in the case of polycrystaline silicon.

The origind ingot has obliged dimensons 53 cm x 53 cm x 23 cm; this can be hewed in 25
blocks 10 cm x 10 cm x 23 cm or in 16 blocks 12.5 cm x 12.5 cm x 23.5 cm or even in 9
blocks 16.7 cm x 16.7 cm x 23 cm with the same shaping yidlds.

But, while in the case of 100 cn? blocks it has aready been said that the corners are
influenced by the crucible contamination and the overal yield becomes 0.7, in the case of
bigger blocks the contaminated part of the silicon il exigts but it indsts on a greater area.

At the device leve the reault is a cdl of a lower efficiency than those made of more interna
materia but in any case usable and furthermore masked by the efficiency digtribution which
usualy can be obtained.



Figure 6 shows the effects of the area increase n the wafer cost. Asit can be seen a senditive
decrease is obtained when the wafer area increases from 100 c? to 156 cm?, whereas a
further increase of the wafer area does not produce any sgnificant effect.

It can be noted that from the points calculated in Figure 6 it is not possble to extrapolae
intermediate val ues because they do not correspond to any red physica Situation.

Findly it can be observed that the cost decrease of about 7% for wafers of 156 cn? is due to
a better use of materids and only margindly to the advantages deriving from the lower number
of "pieces’ manufactured.



23 SOLAR CELLSPRODUCTION

The cost andyss of the solar cdls is carried out with the same criteria used for the
wafers, i.e. the process has been subdivided in working stations according to the flow chart
gveninFigure7.

It is a very ample process, particularly indicated for large production, with average
efficienciesin the region of 14.5% in the case of monocrystaline silicon and around 12.7% for

polycrystdline sllicon.

The production capacity is determined by the speed of the slk-screen process
meachines used for the metdlization.

For wafers of 100 cn? the metallization pace requires 4 sec per "piece’ and therefore
900 "pieces'/hr which in surface units becomes 9 né/hr.

The other machines which make the production line should be compatible with the
above pace.

Therefore the diffuson of P will be carried out in a belt furnace to a predeposition of
Hs PO, by spry.

The production line has in this way a production capacity of 9 n¥/hr which within one
year becomes

240 days x 8 hours x 9 ne/hr = 17280 né/yesar.

This number could be multiplied by 2 or 3 depending on the shifts number.

Obvioudy, the increase of the shifts have the effect to decrease the product cost
because of the amortization share out and the generd costs because of abigger production.



On the other side, because the consumable materials represent the mgjor voice of cost
and the interest in this report mainly liesin analyzing this agpect, the chosen "basic casg” for the
solar cdlsis cadculated over asngle shift.

Station n° 8 - Wafer etching

The wafers coming from Station n° 7 are chemicdly atacked to remove a surface layer being
damaged by the cut operation in the case of monocrysaline slicon, and to carry out the
surface texturization, essentid in the monocrystaline slicon case, not usdess in the case of
polycrystdline slicon, because a percentage of the surface between 10 and 50% has grains
oriented near the crystalographic direction (100) and therefore open to texturization.

The action is carried out in an automatic chemica hood where the wafers are at first attacked

by an akaline solution and after neutraized by means of HCl, rinsed severd times in deionized
water and findly dried in aspin drier.

Station n° 9 - Phosphor us diffusion

The wafers are automaticaly loaded in the predeposition chamber where a thin layer of H
PO, is applied to the wafers.

By means of abdt the wafers are sent to the chain furnace for the diffusion. This has
such a temperature digtribution to obtain adiffuson of the P for athickness of 0.3 +0.4
nm and with a sheet resistance of 30 +40 ohm x square.

The diffused wafers are automatically collected in gppropriate containers.

The operator in charge of this phase of the process should only supervise the perfect machines
operations and can aso take care of the next gation, the "Plasmaetching'”.

The chain of thefurnace can house 4 wafers of 100 cn? inline a aspeed of about 0.5
m/min.; therefore the production capacity is of 12 n#/hr compatible with the 9 n#/hr of the
slk-screen printing machines.

Station n° 10 - Plasma etching of the wafer s edge




The diffused wafers are stacked in gppropriate containers and are put in the plasma machine
(CFy).

Theions F attack the slicon on the wafer edge until they remove the diffuse layer therefore
insulating the front "n"* from the back "p".

This action has negligible consumption and labour costs which are absorbed by the other
dations.

Station n° 11 - Oxide Removal

During the diffuson process a thin layer of slicon oxide takes place (> 0.1 mm) which is an
obstacle to the next metalization and should therefore be removed.

This remova happens in a "chemicd hood" with solutions based on hydrofluoric acid and
ammonium fluoride.

Precticaly the wafers are insarted (automaticaly) in PVF (Polyvinyl fluoride) containers,

submitted to a chemica etching, rinsed with delonized water and dried in a spin drier. An
operator is dedicated to these operations.

Station n°® 12 - Front contacts

The front contacts are applied by means of screen printing. It is a compound based on siver
which isdried a » 150°C.

The machines are fully automatic and are able to ded with 100 cn? every 4 sec., with a
capacity of 9 ne/hr.

The dlver compound has acost of 400 ECU/kg which a the wafer level becomes
6.65 ECU/n? (0.167 griwafer).

Those machines are manned by 0.5 operator. The yield is 0.99.

Station n° 13 - Back contacts




The wafers with the front contact aready dried, are back contacted il by screen printing.

The compound is an aloy of Ag and Al which has a cogt of 250 ECU/kg and over every
wafer of 100 cm? 1.7 gr will occur, i.e. 41.75 ECU/n®.

After drying of the back contacts, the wafers are taken to about 750°C to alow contacts to
permegte in the slicon forming an dloy and dlowing to have contacts with ohmic behaviour
aso with high currents, with alow resgtivity (» 10 m ohm).

Then in line with the screen printing machine and the next drier, there isthe "firing" furnace.
The above is fully automatic and 0.5 operator is enough to man the gtation (i.e. one operator

can man stations 12 and 13).

Station n° 14 - Antireflecting coating deposition

The antireflecting coating (ARC) is coated on the wafers through Chemica Vapour Depostion
(CVD) of atitanium metalorganic compound. This, taken by a nitrogen current on the wafers
which are dragged by achain, a atemperature of » 150°C, decomposes depositing over the
cdlsalayer of T, O, of about 0.08 mm able to interfere with the silicon surface.

The reault is that the reflectance of the slicon isin this way reduced to 8% in comparison with
the 30% of the bare silicon.

This phaseis carried out with a chain furnace equipped with Ti O, diffusors.

The furnace capacities are greeter than those of the screen printing machines. At the furnace
output complete solar cdlls can be found.

Station n° 14 - Solar cells sorting

In this gation the solar cdls are measured for their eectric performance, usng a solar
smulator, and subdivided by efficiency classes.



The efficiency is caculated a a prefixed tenson (V = 0.484 Valts). Thisis therefore a current
section.

This operation is essentia to assemble modules with solar cdlls of the same current, in this way
avoiding amodules power decrease for dectric "mismatch’.

Because the polycrysdline materid is rather disomogeneous in lifetime, efficiencies can be
digtributed in severa classes. It is therefore necessary to edtablish what is the minimum
acceptable efficiency, solar cells at alower level should be discarded.

In the "basic case" the minimum efficiency islocated a 11% and this implies a further loss of 3
- 4%.



2.3.1 Production Cost Analysis of Solar Cédlls

A line able to process both monocrystdline and polycrystdline slicon is assumed, both
of them with a processyield in the "basic casg" of 0.903.

Because the line is therefore able to build 1662000 pieces/year of 10 x 10 cmin a
single shift, 16620 n?/year of polycrystdline silicon and 15960 n#/year of mono-crystdline
slicon will be produced.

The evduation results areindicated in Table 6.

Therefore it can be found that, for the solar cdlls production the process is materids
dominated and therefore it is not possible to sgnificantly decrease cost increasing production
volume, not even increasing the shifts number.

On the basis of the data processed for the polycrystdline slicon in fact, working over
three shifts, production could increase up to 49860 n¥ at a cost of 243 ECU/n? and therefore
only with a4% cost decrease.

Neverthdess the wafer department can produce 46860 n? and therefore could feed
three shifts of the solar cell department.

More information can be obtained andyzing together the wafer department and the
solar cdl department, as shown in Table 7, both for monocrysdline and polycrysdline
glicon.

It can be therefore found that the monocrystalline solar cell has a production cost of
20% higher than the corresponding polycrystdline cell.

The feedstock (E.G. Silicon Scraps) increases the cell cost of about 9%. This vaue
added to the other consumable materials necessary to build the cell represents more than 40%
of the overd| cost.



The dectric energy represents 5% in the polycrystaline case (128 kWh/n?) and 11%
(348 kWh/m¥) in the monocryddline case,

In the case of polycrystaline investments of 3 MECU and » 550 n# of equipped
industrial area are needed to produce » 16000 ne/year/shift of solar cells from feedstock.

For the production of the same quantity of solar cells, but buying the substrates
elsawhere, investments of 1.1 MECU and » 220 n of equipped area are needed.

In the case of monocrystdline silicon the investments to produce from feedstock are »
4.8 MECU with an equipped area of » 570 nme.

The same investments and the same area of the polycrystdline case are obvioudy
needed to produce only solar cells buying the wafers.

As far as the staff is concerned, 10 operators and 1 supervisor are necessary for cell
production both in the monocrystaline and polycrystdline case. On the whole 40 people for
monocrystaline and 34 people for polycrystdline are necessary to produce solar cells from
feedstock.

Production over four shifts

The line is able to produce 16600 m? of solar cells over one year in a sngle shift
(polycryddline dlicon "badc casg’). If the same line at its maximum capacity could work 7
days'week, 24 h/day and for 335 days/year production capacity in this case would be of
70000 e,

To produce over 4 shifts 40 operators and 4 works foreman occur and their cost will increase
of about 1/3 in respect of the daily operations. Also overheads will increase in a proportiona

way.
Therefore the cost is reduced to 248 ECU/m? with a decrease of only 2%.

This means that production over more shifts can only respond to a market demand but it does

not reduce production cogts.
2.3.2 Sengitivity Analysis on the Solar Cell Production Cost




Production Cost vs Process Yied

In Figure 8the percentage varidion of the production cogt is given as a function of the
process yield. At an improvement of 1% of the process yield corresponds an equivalent
reduction of the production cost.

It is necessary to take into account that to maintain the cell process yield over 90% is not
smplein an automatic line. A possible target could be around 95%.

If wafers and cells are taken together, the impact of the improvement of the wafer process
yields over the cdlls cost could be evduated. Thisis shownin Figure9.

Improving the wafer process yield, which in the "basic casg" is very low (only 34%), of 6%,
about 10% decrease of the cells cost is obtained.

It is therefore reasonable to ingst on the improvement of the wafer yidds to obtan a
reasonable advantage dso at cellsleve.

A gmilar effect is expected when the wafer becomes thinner. This is shown in Figure 10

where, for the effect of a better materid yield, adecrease of the wafer thickness of 100
nm, corresponds to a cell cost 7% lower than the "basic case".

Effect of the Wafer Area lncrease over the Cel Cost

In Figure 6 it was seen that, because of the ingot dimensions, wafers of 100 c? or 156
cn? or 280 cm? can be obtained depending on how the ingot is cut if in 25 or 15 or 9 blocks

respectively.

Asfar asthe wafer codts are concerned, a decrease of about 7% can be obtained, going from
2510 16 blocks. No further variations can be detected below this value.
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When those wafers become cdlls, it is observed that the running costs are practicaly the same,
except for the consumption of serigrgphic compounds, and that the serigrgphic machines
nowadays available can handle surfaces up to 400 cn?.

Putting aside, for the time being, the question of the cdl efficiency which is not negligible in
rdation to the wafer area, an increase of the wafer area means an increase of the line
production capacity.

Leaving congant the serigraphic linear velocity and the loading and unloading times, the
serigraphic velocity is1 + 2 + 1 = 4 sec. for astandard 100 crm? wafer and becomes 1 + 2.5
+1=45sec. foral56 cm? wafer and 1 + 3.3+ 1 =53 sec. for a 280 cn? wafer and
therefore the above values respectively mean 0.15 m?/min., 0.21 n#/min. and 0.32 me/min. Al
the above would not change sgnificantly the structure of the process.

The reault of the above andyss is shown in Figure 11. The relationship is not linear and the
decrease is more evident for little increases of the area with a certain tendency to reach
saturation when the area goes over the 300 crr?.

Therefore the advantage to increase the wafer and cell areais particularly significant for little
increases of the area, i.e. when the hypotheses done are judtified.

These congderations are valid only for polycrystdline slicon cdls because nowadays it is not
feasble to vary the monocrystaline wafers area without increasing their codts.



24 PV MODULESMANUFACTURING COSTS

The assambling process of solar cellsin PV modulesis shownin Figure 12.

Even if the process is quite complex, in spite of what has been done in the case of
wafers and solar cdlls, it will be andyzed as asingle sation.

The solar cdlls coming from Station 15 have dready been selected in efficiency classes.
The <Hection is effectivdy done messuring with a solar amulator the current
photogenerated a a fixed tenson (V = 0,485 Volts), therefore the cells are classified in

current classes.

This is reasonable because, the module which will be assembled will be made of 36
cdlsin sies.

This is the traditional shape of the PV modules because 36 cdls in series are adle to
charge a standard Pb battery.

Through soldering (usng a SVPb dloy in this case, but it can be aso done by ultra:
sound), a buss bar of nicke plated copper is goplied on the front grid of the cells exactly in
correspondence of the two buss bars.

The buss bars will connect the front of the cdlls with the back of the successve saries.

This operation is done by means of an automatic machine which is able to tab about
300 cdlghour, with a cost of 50000 ECU.

The tabbed cdlls are put over a template upside down so that the tails soldered at the
front are brought on the back of the adjacent cell.

an



The whole system above is put into a stringing machine in which a welding heat head
meakes the link, being the template trandated in respect to the head by means of an x-y table
driven by computer.

This machine can solder gtrings of 9 cells and prepares 16 drings in 1 hour, which is
equivaent to 4 modules/hour.

Always by means of the use of templates, 4 strings are manualy assembled to make
the cdls array.

A "sandwich" isthen prepared made of:

asheet of ethyl vinyl acetate (EVA)

acdlsarray

tempered glass with holes for output cables.

The sandwich is then put into a machine (laminator) which at firs warms it up to 90 -
100°C, then vacuum is done and then it is pressed and taken to 150°C.

During this cycle, which takes about 45 minutes, the EVA seding materid at first
softens and then encapsulates the cells array. In this action it compensates possible thickness
discontinuities.

Then it rdleases dl gases (air, solvents) because of the vacuum and then it polymerizes,
forming a sedled package, perfectly trangparent, stable to the U.V. radiation action.

The laminated module is finished applying around it a frame which has a double use: on
one Sde it is the interfacing dement between the module and the supporting structure and on
the other side it dlows the seding of the laminated edge with a slicon bead, or with other
sedling materid which does not alow and oxygen and humidity to enter the materid itsdlf.

The dectric terminas coming out the laminated Sde by means of specid holes in the
back glass are gathered in a junction box: this is overlgpped to the output holes and contains
the termind box of the connection cables among several modules, possible by-pass diodes
and gtring diodes.

V.ko]



The junction box is the eectric interfacing e ement between the module and the externa
world. Also the box is gpplied to the back of the module by means of silicon adhesives.

The s0 finished module is therefore tested for its eectric performance by means of an
appropriate solar smulator.

M odules Department Dimensioning

The production capacity of the modules department depends on the feeding of solar cdlls.

It seems reasonable to match production capacity in the modules department with that of the
cdls because both can work over severd shifts whereas the wafer department should
necessarily work over four continuous shifts.

It has been seen that in the "basic case’ (polycrystdline slicon) the cdll department produces
16620 n? of cdls over one single shift for 240 dayslyear.

The other physicd dataare:

Modules, 36 cells in series, have an active area of 0.36 n?, wheress the effective area is
0.36/0.85 = 0.423 ¥

In the case of monocryddline slicon cdls the modules have an active area of 0.346
e, whereas the effective is 0.42 .

Each laminator could house 1.2 n? of effective area equivaent to three modules per cycle
which has aduration of 45 minutes.

Each laminator can produce 30 modules/days and seven are necessary to absorb the cell
department production.

Each tabbing machine can produce 300 piecesh which, in the "basic casg’, means 3
né/h and therefore 24 ne/d, i.e. 5280 mély.
In other words, it requires four tabbing machines to absorb the cdlls production.



The gtringing machines have a capacity of 32 stringgh and i.e. 8 modules/h equivaent to
5530 mely; therefore four machines are required.

The framing system and the solar smulator are certainly able to absorb the cdll production.

Needed personnd: (1 shift):

Tabbing

Stringing

Sandwich preparation 4 ‘=\/Supervisor 1
Lamination 1

Framing 2

Texting 1 W

The cost evauation rdated to the PV modules production is shown in Table 8 both for
monocrysdline and polycrysdline silicon modules.

Because equivaent vaues are added to the cell cogt, it can be found that the cost gap
between monocrystdline and polycrystdline silicon is reduced.

In fact according to this estimate the cost of the monocrystdline module is 395
ECU/m?, whereas the cost of polycrystaline module is 349 ECU/n? with a difference of only
8%.

At wafer leve this difference was 34% (Table 5) and it became 20% at solar cdll leve
(Table 6).

AC



241 Cost Analysisof PV Modules

It can be now cdculated how the single departments, i.e. feedstock, wafer, solar cell
and PV module increase the find cost of modules.

The result is shown in Table 9 for monocrystdline and polycrysdline dlicon. In this
table the cogs are referred to the modules square meters. It can be immediately seen that the
transformation costs of wafersinto cdlls and of cdlsinto modules are equa for monocrysaline
and polycrygdline slicon and that the feedstock cost increases only of about 7% in both
Cases.

Moreover it can be observed that in the three departments the transformation costs are
approximately made equd to the amount of 1/3 each. This means that to decrease the module
cost the same attention must be put to dl the departments, even if, traditiondly, many efforts
are dedicated to the wafers and cdlls technology and very little is made to decrease the
encapsulation costs.

Cost of module per voice of cost

If the module production is considered as a sSngle department, the nature of the cost making
the module can be identified.

Itisin thisway found, Table 10, that the mgor cost is represented by consumable materids
(» 55%).

Labour represents 20%, generd costs are 15% whereas 10% goes into depreciation.

Therefore if a business man decided to set up a PV module plant starting from the feedstock
and based upon monocrysdline or polycrystdline slicon, for an annud production of about
18500 2, he should invest about 6.2 MECU in the caseof monocrystdline slicon
and 4.4 MECU for polycrystdline silicon, he should need » 1000 m? and he should employ
43 operators, 4 supervisors and 2 manage.

A



The production cost would be of 395 ECU/n? and 349 ECU/n¥ for monocrysdline and
polycrystaline slicon respectively.

The energy consumption is of 328 kWh/n¥ for monocrysaline and 122 kwWh/n¢ for

polycrysaline. Such vaues represent the energy quantity necessary to transform the required
consumable materias in modules.

A7



2.4.2 Module Wp Cost

Until now the modules production cost has been caculated without consdering their
conversion efficiency which obvioudy depends upon the nature of the used monocrystdline or
polycrystalline materid and upon the process type used to transform the wafersinto cdls.

The type process consdered in Figure 7 is able to produce cells with an average
efficiency of 14.5% using firg rate monocrydaline materid (t > 10 nsec) and of 12.5% with
polycrygdline materid of excelent qudity (t > 4 nrsec).

In the case of monocrystdline slicon the standard module with 36 cdlls in series, with
an area of 96 cm?, will have apower rate of 50 Wp upon an area of 0,423 n#, i.e. »
118.5 Wp/nr2.

Therefore the average indudtrid cost for this type of materid will be

395/118.5 = 3.33 ECU/Wp

Using the same caculation for polycrystdline module an average industrid cost of 3.28
ECU/Wp can be obtained.

A0



2.4.3 Senstivity Analysis of the M odule Cost

Effect of the Wafer Thickness Reduction over the M odule Cost

With reference to Figure 10, it has been seen that a wafer thickness reduction of 200 nm (as
an example from 350 mm to 250 nm) with the same process yield, tekes to a cdl cost
reduction of 7%.

Because the cost of the cdl + wafer (see Table 8) represents 65% of the module cost,
such a thickness reduction implies a decrease of 45%. l.e if the module costs 349

ECU/m? with polycrystdline wafers of 350 mm, it will cost 333 ECU/n? if obtained with
wafers of 250 nm .

Effect of the Wafer Area Increase over the Module Cost

Thiseffectisshownin Figure 13.

It partly reflects the same behaviour shown for the cdls (Figure 11). It dso shows that
increasing the subgtrate area useful advantages can be obtained dso a the module leve.

In paticular the advantege is interesting for smal area increases. an area increase of 20%

(wafer 11 cm x 11 cm rather than 10 cm x 10 cm as in the "basic case") takes to a decrease
of the module cost of 10%.

AN



2.4.4 Comparison between Monocrystalline and Polycrystalline Silicon

The obtained results demondtrate that nowadays there are no reasons to prefer a
materid compared to the other. Even if the polycrysdline materid ssemingly gives a vaue
lightly lower than monocrystdline materid, this little difference can be compensated by the
higher power dengty of monocrystaline which is postively reflected at photovoltaic plant level.

Neverthdess it is necessry to consder that the future developments will take
advantage of the polycrystdline efficiency in terms of big area and materid performance which
can improve due to therma treatments such as "gettering” and "hydrogen passivation”.

Therefore it is possble that, a leest for the moment, the two materids will find
complementary specific gpplications. the monocrysdline slicon will be preferentidly used
where there are high plant costs linked to the area; wheress the polycrysaline slicon will be
better used where the low module cost is preferred with repect to the available area cost.

The obtained vaues (monocrystaline slicon 3.33 ECU/W)p and polycrysdline slicon
3.28 ECU/WDp) are related to industriad cost only and therefore they do not take into account
interest rates, marketing costs, research costs.

It is dso difficult to evauate the comparison between these calculated vaues and the
final values coming from the red use of the production lines. Being the economic result strongly
dependent on the process yidds, it should not surprise if the red costs could exceed the
caculated costs even more than 20%.

Findly, consdering that the ongoing market price is » 3.5 ECU/Wp, it is easy to
understand in what difficulty are the PV module producers which are accumulating losses both
in Europe and elsawhere.



2.45 Silicon Feedstock for Photovoltaics

All cayddline materid used in the photovoltac industry comes from the
semiconductors industry under the form of off specifications polycrystdline slicon or under the
form of heads, tals of off specifications monocrygdline dlicon, coming from the pulling
according to the Czochrolski method (CZ-Silicon).

It is a very pure materid of eectronic grade (E.G. Silicon) not to be used in the
electronic industry because of dimensond reasons (heads and tals of CZ-ingots) or for
crysdline dructure defects (high didocation density ingots, twinned ingots) or for an off
specification doping concentration.

This materid is collected by photovoltaic industries and remelted in CZ pullers as well
as in Directiond Solidification Furnaces for the growth of mono and polycrystdline slicon

respectively.

This source of feedstock could be used dso afterwards if the availability is sufficient
and the price convenient, otherwise a different supplying source should be found, purposdy
studied for the photovoltaic gpplication.

To understand the Situation, it is necessary to ask and answer the following questions:

1) Which isthe quantity of off grade E.G. Silicon today available and how this availability will
evolvein the next years

2) At what price off grade E.G. Silicon is today available and how the price will evolve in the
following years

3) If nowadays there are available processes dternative to the one which produces E.G.
Silicon and a what purity grade.

4) At what cost such processes will be able to produce Solar Grade Silicon and with what

volumes.
245.1 Availability of " Off Grade" E.G. Silicon



With amaterid yied of » 33% (see Table 5) to produce polycrystaline wafers of 100
cn? 350 nm thick which make 1.3 W/wafer, about 21.2 tons are required to produce 1
MWop.

According to Strategies Unlimited evauations the PV module world market was 55.7
MWop in 1993 and the forecast for 1994 is gpproximately 64 MWp of which at least 90% is
made of x-Si. This means that in 1994 about 1230 tons of off grade E.G. Silicon have been
consumed.

On the other hand the polysilicon production in 1993 was of about 11000 tons and it
can be assumed that at least 109% of this quantity is directly or indirectly available for the
photovoltaics; this would mean that nowadays there is a good baance between available and
used feedstock.

But it is evident that this analysisistoo smple because it does not take into account the
heavy arrival on the market of the European East countries both with wafer and also with CZ
and polysilicon ingots.

An evaudtion of the overdl capacity of this origin is very difficult because it looks like
the plants once used to produce E.G. Silicon for the internd market are now unused and
available for the photovaltaic use.

This new fact has sgnificantly changed the previous forecasts and it will be at least one
year before the new sSituation will be exactly understood.



2452 Priceof " Off Grade Silicon" Feedstock

The price of the feedstock at present varies from 6 ECU/kg to 10 ECU/kg according
to the quantities, and of the mix which could be accepted.

An average price of 8 ECU/kg could be obtained for large quantities of the best qudity
dlicon, i.e headsand talls of CZ ingots, p-type with resstivity ranging between 1 ohm xcm up
to 10 ohm xcm and more, selected in classes of + 1 ohm xam.

There is not any obvious sSgn that in the next months there will be a shortage of such
feedstock.

But the stuation could rapidly change following a more receptive PV market as it has
happened in the second half of 1994. Therefore in the next years the situation could change.

It is possible to foresee the following scenario:
The capacity of the "occidentd™ polyslicon increases with ayearly rate of 5%

The capacity of the "Eastern Europe’ PV grade polyslicon is a least 1000 tonsyear to
remain congtant during the next decade

The use of the polysilicon will become more efficient gradudly going to 12 tonsdMWp for
the effect of abetter processyield and for the reduced wafer thickness up to 280 nm

In the next decade the increase of the PV world market is at the yearly rate of 10% asin
the last 3 years and therefore in 2005 the shipments will be about 180 MWplyear which
should become » 300 MWplyear in 2010 (it should be noted that these hypotheses are
very conservative because an annud growth of about 10% can reach with difficulty the
ALTENER objective of 500 MWp of PV ingaled within Europe by 2005 and it is
completdy insufficient to reach the target of the Madrid PV Group of 16000 MWp
ingaled within 2010).



With these hypotheses in mind the graphic of Figure 14 has been carried out, from
which it can be seen that if an E.G. Silicon production growth at an yearly rate of 5% could be
obtained, the breakeven point between feedstock available and feedstock used will be
reached only in 2008.

The breakeven point is brought forward to 2004 if a zero growth for the E.G. Silicon
production is assumed.

The prices of E.G. Silicon depend on the evolution of the dectronic market and it is not
easy to carry out reliable forecasts.

The only certain fact isthat in the last decade the cost has decreased from 12
- 16 ECU/Kkg (1984) to 8 ECU/kg (1990) and then it has remained constant up to the present
days (October 1994).

An increase of the codt is expected within 1 or 2 years under the double effects of an
increasing demand and of the ending of the "Eastern Europe” effect.

The foreseen scenario is very consarvative: asit has dready been said with thisoneit is
possible to reach the ALTENER target but not the TERES target and it becomes even worst if
the target proposed by the Madrid PV Group is considered.

Only if the politica tendencies will push towards these aggressive programmes there is
not any doubt that the feedstock problem would arise as alimiting factor.



2453 Industrial Processes of Solar Grade Silicon

In the past years the Solar Grade Silicon problem has been approached in Europe with
aseries of sudies carried out by the most important photovoltaic companies.

Semens, Bayer, Wacker, Agip/Eurosolare, Photowatt, Elkem have made a strong
effort to set up, a pilot plants leve, production processes of sufficiently pure slicon to be
specidized for the photovoltaic use.

The results have been published and some conclusions can be formulated:

Indugtrid plants for the production of S.G. Silicon require very high investments which
would need a minimum production of 1000 tons/year to pay them off. This would mean
about 50 MWplyear and i.e. a single plant would be able to supply the present world
production.

The production costs of S.G. Silicon are evauated between 12 and 18 ECU/kg and
therefore higher than the actual 8 ECU/kg.

There is the posshility to use dready exiging plants to produce E.G. Slicon and to
specidize them for the PV use.

In this way a cartainly effective product can be obtained for the PV at costs which are
lower than the normd E.G. Silicon (30 - 40 ECU/Kkg) because dready pad off.

Even if the cost rose to around 25 ECU/Kg it would still be acceptable because the cost of
the feedstock represents at present 7% of the cost of Wp and therefore its cost increase up
to 25 ECU/kg could be absorbed by the other improvement factors (materid yidd,
processyidd, etc.).



3. MACROECONOMIC DEVELOPMENT TOOLSAND POLICY OPTIONS

The objectives fixed by the Declaration of Madrid are to achieve, by 2010, a 15%
contribution of the energy required, from Renewable Energy Sources (R.E.S)).

This overdl vaue has dso been andyzed in the ALTENER Programme and the
contribution of the photovoltaic dectric energy was caculated a about 500 MWp ingdled in
EU countries by 2005.

The purpose of this chapter isto estimate if this objectives can be achieved, what is the
technology to be adopted, what are the costs and what are the financing and energy policy
conditions necessary to the objective achievement.



31 TECHNOLOGY DEVELOPMENT STRATEGY

A century ago, when the dectric power industry began, it was often difficult to
digtinguish eectricity from the products that used it or from the comfort it provided.

For example, one of the United States industry's pioneers, Pacific Gas and Electric,
began by sling lighting rather than dectricity. Their first contract sdes were for lumens of
lighting, not kiloweatthours of dectricity.

Today's dectric utilities no longer sdl lumens of lighting. However, today's utilities
customers, like their predecessors a century ago, still perceive dectric purchases as purchases
of services rather than of kilowatthours.

For example, a customer decides to "purchase" living room lighting a 10 PM, or pay
for a cool house on a summer day, rather than explicitly deciding to purchase a given amount
of electricd energy.

Therefore if available PV technologies do not make its use an atractive option asfar as
cost and reiability are concerned then customers will not chooseit.

Three basic forces should be taken into account to make a consstent step forward in
the PV market penetration: technology-pull forces, productivity-pull forces, and market-pull
forces.

Each of thisfactorsis explained below.
Technology-pull forces arise from technologica innovations that increase the value of
the technology. The enhanced value of the new end-use device is due to the greater

satisfaction the consumer derives from its operation.

Productivity-pull forces occur when adoption of an innovation dlows an increase in
productivity.



Market-pull forces are principdly consumer based and arise from the intrinsc
economic utility of the end-use technology to its user. In smpler terms, market-pull forces are
those forces respongible for product innovation, or the introduction of new products onto the
market.

All three of these interrdlated forces influence product adoption through their
implications for product/service vaue.

Research and Development activities are typically focused on technology-pull factors
that enhance the technologica capabilities of an end-use technology.

Productivity-pull and market-pull factors are the principal determinants of customer
acceptance of end-use technology.

In the previous chapter the productivity-pull forces have been deeply andyzed for the
maost nowadays reliable PV manufacturing processes, i.e. the crystaline silicon one,

In the next paragraphs the technology-pull forces as a review of the dterndive
technologies to crystaline silicon will be andyzed together with some consideration on market-
pull forces and possible PV future trends scenarios.



3.1.1 Advantagesand Limitsof Crystalline Sllicon (x-S)

The x-S is the more known and used semiconductor materia. This is due to severd
causes such as. it is an dementary materid and therefore with an easy control of stechiometry,
it can be obtained a a very high levd of purity, largdy diffused in nature with an energy band
gap Eg @1.1 eV which dlows to obtain a theoretical conversion efficiency at AM 1.5 grester
than 25% a ambient temperature.

It is therefore a materid intrinscaly steady, quite easy to be processed and able to
reach high converson efficiencies.

In fact the best |aboratory cells have by now reached a conversion efficiency of 23%
againgd the theoreticd limit of 26%. This little difference gives a measure of the technologica
meaturity of the x-S.

For those reasons the x-S is today the excdllent PV materid and it will remain as such
for along time.

But the x-S finds alimit in its solar radiation absorption coefficient: to absorb 90% of
radiation a thickness of a least 200 nm would be required, whereas only a few microns are
aufficient in the case of other materiads such as amorphous slicon (a-Si:H), CIS, CdTe, GaAs,
which arein fact used in the thin film form.

Therefore the x-S must be used in "bulk” form obtained cutting the ingots with materid
yidd lower than 50%. This determines the "materid intensve' aspect of the production
processes of the x-S modules and the high energy contents.

To overcome those difficulties, at least as a progpect, a certain number of options are
followed at the Research and Technologica Development level.

Of those above the most important characteristics are given here together with some
congderations on the status of the art with medium and long term prospects.



3.1.2 Silicon, x-Si, in Ribbons and Sheets

A firgt way to reduce the wafers cost is to diminate the cutting phase which affects the

wafer cost for 48%.

The chalenge is to achieve a growth method which could produce crystaline materiad

a a pre-defined form (Shaped Growth).

After a least 20 years of attempts the actud Stuation could be resumed in this way: it

IS necessary to find the best compromise between ribbons geometric definition, crystdline
structure, impurity content and production rate.

a)

b)

Geometric definition: To be used, the silicon sheet should have a thickness between 200
- 400 nmm condant within £ 20 mm; this requirement limits the growth techniques to two
possihilities: ether the shape to be obtained is defined, making the solidification phase in a
pre-defined space, and that is through a split (Mobil Solar, Bayer, etc.), or a slicon
membrane is produced between two pardld slicon columns or other compatible materid
(Deudritic Web, Westinghouse).

Impurity content: Because of the high surface/volume ratio the pollution problems of the
container are very serious and therefore ether extremdy pure materias are used which do
not interact with the melted slicon (EFG, Mohbil Solar and Bayer), or the contact with the
growing materid in the crucible is avoided (Deudritic Web, Westinghouse).

Production speed The progress speed of the interface solid-liquid which determines,
through the geometric form of the growing solid, the materid production rate, depends on
the system capacity to rapidly digpose the solidification heat, maintaining an high therma
gradient through the interface.

Such a capacity islittle if the heat flows through the interface itsdlf as it happens when the
heet flow direction is pardld to the growth direction (Mobil Solar, Westinghouse) and it is
very high when the heat flow direction is perpendicular to the growth direction (Bayer).



To increase the production rate, Mobil Solar makes the sheet growth to happen in 8
slits arrayed as an octagon obtaining some tubes long more than 1 meter with a prism
form with an octagonal or ninegona base, whose faces are easy to be separated with
cutting actions. The production speed isin thisway multiplied by 8 or 9.

d) Crydalline structure: Inafirst goproximeation the crysdline quality of the materid seems
to be inversely dependent on the growth speed. Therefore the best materia with qudities
very close to those of the monocrysta belongs to Deudritic Web, whereas that with the
greater problemsisthe Bayer one.

Table 11 proposes a rough comparison among the different techniques to prepare Si-
Ribbons.

It is nevertheless necessary to remember that Westinghouse has closed its activity in
this sector and that at present Mobil Solar, now ASE, and Bayer remainin ligs.

The growing technique developed by the latter, seems very promising because it has
overcome the problems due to the geometric definition and to the production speed (> 1
ne/min), but it has ill to overcome the problems deriving from the low crygdline qudity of
the materid.



3.1.3 Crygalline Silicon Thin Film Solar Célls

The need to decrease the materid quantity has addressed many efforts to study
devices able to effectively use very thin slicon thickness too. Therefore some laboratory
techniques have been developed to treat the back surface of the cell.

Those techniques are such that the radiation with a grester wavelength, instead of going
through the sillicon cdll, is reflected backwards, goes back through the whole materia thickness
and is agan reflected from the upper surface. An opticd confinement of the radiation is
therefore obtained in 50 mm thickness too.

The trestment is even more effective if coupled to both superficid passvation which
reduces the recombination of the photogenerated charges near both surfaces and a back

surface field which speeds up the minority carriers towards the junction.

In thisway solved, a least in principle, the problem to use a low thickness slicon, the
problems to make it and to support it ill remain.

Those aspects could be approached with the usud deposition techniques nowadays
available which go from the Chemica Vapour Deposition (CVD) to the Liquid Phase Epitaxy
(LPE) to the Solid State Recrystalization.

The mgor difficulties to be overcome are of two types:.

a) the need to find a subgirate competible with the deposition materid and as far as the
physical-chemical aspects and as far as the economica aspects are concerned;

b) the essentidly batch nature of those manufacturing processes with serious difficulties for the
large scae production.

The subgtrates today used for this scope are ceramic, graphite, metals and silicon itself.



The economica type hopes are linked to the cogt of the substrate much lower than the
usua slicon wafer cost and at a process cost which would not cancd dl the margin obtained
a asubdrate leve.

In this sector the most significant results have been obtained by the American company
Adtropower. The used techniques is LPE over a ceramic subdrate and the efficiencies
obtained over abig area (225 cn¥) are dmost 10%.

The development margins are high and the objectives are to obtain an average
efficiency of 14%.



3.1.4 Amorphous Silicon Family

The properties of the hydrogenated amorphous slicon (a-Si:H) have been studied up
to the seventies. Those include an high aosorption coefficient for the sun light, the possihbility to
meke amateria with Fy which could vary from 1 eV up to 3.5 eV putting in the dloy together
with the silicon other dements such as Geand C.

Because it can be deposited at low temperature (between 100°C and » 350°C) over
severd subdtrates (glass, metds, plagtics, crysaline slicon) over very big aress, it can make
heterojunctions and multilayer Sructures.

The manufacturing technology alows low cost and mass production. The production
processes require little materids and therefore the product has a low energy content which
alows a short pay back time.

Because of dl those promisng properties, the amorphous slicon and its dloys,
Germanium and Carbonium, have been for years object of the greatest attention, also because
they have had an indudtrid application in the pocket calculators, watches and Smilar consumer
goods and gadgets supply.

The expectations were so good to persuade some industriad operators to set up
production lines up to » 1 MWplyear/shift much early in relaion to the technica solution of the
problems which till a present limit the modules performance based on a-S and its steadiness
intime,

In fact the laboratory efficiencies over a smdl area (> 10 cn?) are in the order of
12.5%, whereas at the 0.1 m? module level they decrease below 10%.

But the mgor problem is related to the steadiness of the device in time. In fact this
refers to the o cdled deady efficiency, in this way meaning tha the loss of efficiency in
relation to the just made module, happens in the first hours of exposure and after it becomes

Steady.



Therefore the efficiency measure can be carried out after 600 h of exposure to the sun
light a atemperature of 55°C.

After that the modules efficiency becomes 63% of the initid device efficiency in the
case of ap-i-n dructure and 75% in the case of a p-i-n/p-i-n tandem structure.

Furthermore it remains dill to be demongtrated that the efficiency would remain steedy
over the years.

Recent results shown at the 12th European PV Solar Energy Conference held in
Amsterdam, April 1994, p. 14 which refer to measures carried out over 5 years are not o
reassuring: beside the usud initid degrade along term degrade is clearly indicated evaduable a
3.5% within » 5 years of exposure.

If this data would be confirmed, the lifetime of the a-S modules, evauated in
conformity with the x-S modules, should be evauated around 15 years againg the 25
years of the x-Si.

Therefore it is possble to estimate a kWh cogt originated from the a-S modules on
the basis of the evauations which can be found in literature; those show a production cost of
those modules around ( 2 £ 0.5) ECU/Wp for a production of 10 MWplyear and for a
steadied modules efficiency of 5%.

In these conditions, the evauation of the kWh cost carried out according to the
moddities given in Table 12 takes to 0.45 ECU/KWh, i.e. to a dight higher value than the
"badc case’ congdered for the crystdline silicon.

It is therefore understood why, a the present dtate, the conditions to carry out
invesment on a-S:H production lines do not exig if the problems linked to efficiency and
steadiness are not solved before.

Prospects remain in any case interesting and because there are very good expectations
to increase the efficiency, and because the production codts, being less linked to the materia
cogt than those of the crystdline slicon, are more sengtive to the increase of the production
volumes. The current estimations consider that a lower cost than 0.8 ECU/Wp could be

reached with related fficiency of 10% and for production capacity over 10 MWplyears/shift.
3.1.5 Polycrygalline Thin Film




For this class of active materids, the comparison cost/performance with x-S and a -
Si:H cannot be done because none such type module has been really marketed.

Herelnafter some consderations over their prospects to be used in the future are given.

It must be said that the study of these materias is caused by the need to maintain the
principa characterigtics of the a-Si:H, i.e. the concept of athin film device, the use of an Eg
more cgpable than x-S to absorb the solar radiation etc., diminating in this way the efficiency
and seadiness limitstypicd of thea-S:H.

There are a the present time two families of materids which could in the future
subgtitute the a -Si:H as the thin film photovoltaic materid i.e. CIS and CdTe.

It is not possible today to say which one will be the winner, it is only possble to make
some generd congderations.

Stability

Both systems are steady and do not show the typical degrade of a-Si:H under illumingtion.

In relaion to the x-S the thin film based modules are more fragile because the hermetic level
of the encapaulation is essentid to keegp the modules in good working conditionsin time.

In the case of x-S the effect of humidity and oxideation, is on the contacts but not on the
meaterid wheress in the case of thin films it is the materid itsdf to interact with the externd
agents and the steadiness of these modules over the long term is not yet sufficiently known.

Efficiency



The efficiencies of the amdl area |aboratory device are quite high and there is ill margin for
improvement if the theoretica efficiency is consdered.

Thisisavery important point and in fact it has caused, very recently, a change of the research
invesmentsfrom a-Si:H to this class of materias.

Stechiometric control

Because of the complexity of the chemica-physcd systems involved, it is obvious that the
compostion control both in chemicd terms (stechiometric relations) and in physicd terms
(multiphase systems) is a serious problem for the process yield in the production lines.

The problem is accelerated in the CIS family where quaternary and pentanary systems are
involved [Cu (In, Ga) (Se, S),] but it is not negligible even in the binary sysem CdTe where
the conduction type depends on the excess and the defect of Te in relation to the stechiometric
condition.

This implies the use of manufacturing processes with very narrow process parameters with an
high probability to work off the accepted "window" to obtain usable devices.

Processyield

Because of what has been said before, and because the homogeneity of the depostion of
layers as thin as only a few microns should be maintained over a large area, a not evduable
problem of process yield over production lines arises.

Even if in the thin films the materid yidds do not have as dramétic consequences asin x-S, a
serious indetermination, over red prospect of the polycrystdline thin films linked to the overdl
processyield, ill remain.

Toxicity

Both families use eements considered dangerous such as Cd and Se. It should be probably
said that this aspect should not be exasperated because a manufacturing process to produce



modules could be carried out according to the present laws ensuring the safety of the

personnel involved and the control of dangerous wastes.

The recycling problem of these dements, after the plant life-time, does not seem to be a
problem because the quantities are very little in relaion to the pollution caused by the same

element (Cd) because of coa dust, varnishes, eectrochemical batteries, etc.

Cd toxicity certainly represents an obstacle to PV modules development based of CdTe, but

such an obsgtacle should find the most suitable technica solutions once their vdidity is proved

aso at the economical levd.

Availability of In, Ga

For mass production of CIS modules the problem of the In and Ga eements availability arises.
The need of Ininthe CIS modulesisof 6 - 7 gr/m? which, with an efficiency of 10%, takes to
aconsumption of » 70 kg/MWp, when the present world In production amounts to » 120
ton/year i.e. » 1.7 GWp.

Even if a greater In demand could induce a greater production and the recycling techniques
could increase its availability, the diffuson of these technologies could be limited by the In
increasing cod.



3.2 TECHNOLOGICAL EVOLUTION

Having ascertained that crygdline slicon is the technology to be adopted, in this
paragraph a possible technologicad evolution, starting from the andysis carried out in chapter 2
in this document, will be carried out.

The indudtrid cost of the Wp for modules made of crystdline silicon based cdlls, has a
vaue of about 3.3 ECU/Wp with variations up and down according to the ability of the
various producers to remain within the process yields indicated for the Sngle process phases.

The minimum vaue of 1.8 ECU/Wp conddered for the diffuson of the photovoltaic
energy as primary source is gill quite far to be reached. The problem of which improvement
margins the crysaline slicon based technology has to reach this objective, should be
wondered.

For each phase of the process the effects which the various parameters have on the
product cost of the considered phase have been indicated.

It must be now examined, if and when and in which way sgnificant improvements can
be obtained for each sngle phase congdering the limitations which the technology imposes.

It has been sad severd times in this document that the processes are "materid
intengve', i.e. the consumable materids costs are much higher than the other dements of cod.
Therefore, the first aspect to be considered will be the improvement of the process yidd. This
means to have reliable process, safe and very little influenced by human errors. In other words,
secure improvements can be obtained investing on process engineering rather than on the
research of higher conversion efficiencies than those indicated.

Only dfter having established dl the processes will be meaningful to improve the

technologicd devices
3.2.1 Wafer Cost Reduction




In Figure 4 the effect of the improvement of the process yield on the wafer production
cost has dready been shown.

It must now be andyzed how this is possble. The gations 1 and 3 yields cannot be
improved alot because the materidslossis intringc to the selection and washing processes.

The yidld of station 4 depends instead on the machines reliability and on the operators
ability. If with a good engineering the causes of mafunctioning can be diminated, the yied can
be taken to 0.97 from the value 0.95 consdered in the "basic case'’.

In the gtation nr. 5, where it is necessary to diminate dl the low qudity materid, an
overdl yidd of 0.77, rather than 0.74, can be obtained, improving the crystalization cycles
and taking care of the crucible contamination.

In dation 6, the yield strongly depends on the operators ability. It is therefore
necessary in this case to improve the performance of the wire saws. If the technologicd yied
in materid isonly 0.614 fixed by the wafer thickness (350 nm) and of the wire (200 mm) the
process yield should be increased to 0.98 in comparison with the present vaue of 0.95.

Findly the yidd of the gation nr. 7, where al the defective wafers are discarded,
should go from 0.9 to 0.95.

Therefore usng smply a good management and a good engineering the wafer process
yield in materia can be increased from 0.326 to 0.4.

As it can be seen in Figure 4, this dlows a cost decrease of 20% and therefore the
polycrysaline slicon which nowadays has a cost of 116 ECU/n? (Table 5) could reach the
vaue of 93 ECU/?.

The wafer cost decreases when its area increases. The improvement (Figure 6) it is not
great (-7%) but it has a great impact both on the cells cost (Figure 11) and on the module cost
(Figure 12).



It is therefore better to consider an optimum area of 12.5 cm x 12.5 cm in relation to
the wafers process. In this case, keeping the same process yield of 0.4, for the 156
cm?, awafer cost of 86 ECU/m? can be obtained.

It is dtill posshble to decrease the thickness. Nevertheless this change means deep
modificationsin each phase from the cut to the modules. In fact it is necessary to avoid that the
thickness decrease determines a worsening in the process yield. To decrease the thicknessit is
necessary to achieve an automatic process of wafer collection, washing and drying.

Also at the cdll process leve it is necessary to improve the handling systems.

Therefore it is possible that, in a short time, the wafer thickness could decrease from
350 nm to 280 mm to be done on 156 cm? wafers.

From Figure 5 it can be found that this operation alows to decrease the cost of about
8%.

Therefore the 156 cm? wafer 280 mm thick will have a cost of 79 ECU/N?.



3.2.2 Solar Cdls Cost Reduction

The solar cell cost can decrease as an effect of the wafer lower cog, for an improved
efficiency (obtained without increasing too much on the process cost and on its yields) and for
an improved processyidd.

Thisis today estimated around 90% and could go up to 95% with process engineering
actions.

Therefore it is possible to evauate which cost the solar cell should have with ayidd of
95%.

Figure 8 indicates that with this yield the cdl would cost 240 ECU/n®. If ingtead the
darting point is a wafer of 93 ECU/m? and that is with a wafer obtained with a 0.4 process
yield, it can be found in Figure 9 that the cells cost decreases of 10% in comparison to the
"basic casg'.

Findly the accommodation of the machines and of the management in both
departments makes it possible that the solar cell would cost 226 ECU/n?.

The increase of the solar cell area has a dtriking effect over its cost. Consdering an
areaof 156 cm? (Figure 11) a decrease of 12% in relation to the "basic case" can be obtained
and this takes the cost to 199 ECU/ne.

A further decrease of 4% (Figure 10) can be obtained for effect of the decrease of
the wafer thickness from 350 nm to 280 mm, taking the wafer cost to 191 ECU/m?.

These consderations are shown in agragphic form in Figure 15.

It is useful to mention here that in Figure 15 and in the next Table 13 and Figures 17,
19, 20, 22, 23a) and 23b), the analysis was carried out to the year 2005 because this is the
year expected to be the one in which it would be theoretically possible to obtain the technica
and management results shown there, i.e. if the following will be satisfied:



1) Technica conditions: process yidds, substrates dimensions and conversion efficiencies will
be those really foreseen and summarized in Table 11 as far as the modules are concerned;

2) Management conditions. the producers will carry out in the foreseen time schedule e
necessary investments to introduce in the production lines the described improvements.

Therefore is quite reasonable to expect a shift to the year 2008 + 2010 to have the
same result at acommercid leve.

Because the area increase has a poditive effect on the cells codt, a further increase
could be thought.

But this finds a limitation in the need to collect very high currents which inevitably
induce alower converson efficiency.

Supposing that this problem could be solved making cells over an extended substrate
and therefore cutting them at the desired dimension, then it would be possible to make bigger
cdls (16.7 cm x16.7 cm = 278 ce) and then reducing them to more reasonable dimensions
(16.7 cm x 8.35 cm for example).

In this case, dways in the hypothesis to maintain the yields congtant, a reduction of
18% in relation to the "basic case’ could be applied rather than 12% and therefore the cost
would be reduced to 178 ECU/n®.

The effect of the efficiency improvement can be seen & the leve of the Wp cogt.



3.2.3 PV Module Cost Reduction

The modules process yidd could easly increase to 0.98 with a few but effective
actions.

On the other hand the cost of the module decreases because of the decreased cost of
the wafers and of the cdlls.

It must be noted that when the wafer area increases the 36 cells module increases its
area and its power rate. This has a meaningful effect over the module cost because some
elements of the modules cost as such are now subdivided over a greater area.

The above congderaions are syntheticaly shown in Table 13 and graphicaly in Figure
15.

The firg line of Table 13 gives the solar cdl cost evolution which, because of the
various actions described decrease to 178 ECU/ne from 253 ECU/mé. The second line is the
contribution of the solar cell cost in the module and therefore it is referred to the module area,
congdering aratio cells areedmodule area = 0.85.

Therefore carrying out al the actions above indicated, the production cost of the
module decrease from 349 ECU/n? to 239 ECU/ne.

The cdl efficiency and the consequent module power rate dendgity, remain constant at
the present value of 12.5% until the actions on the various processes are not carried out.
Afterward the efficiency increases up to 15%.

The €effects of the efficiency increase have therefore been separated from the previous
ones because of editing reasons.

To obtain higher converson efficiencies it is necessary to work on the qudity of the
polycryddline materid.



The present quality could reach 15% efficiency but it is quite disomogeneous and
therefore the efficiencies digtribution is quite wide and usudly it has an average of 12.5% a the
module leve.

Experiments of "impurities gettering” by means of heavy diffuson of phosphorous
and duminium have been very effective in the improvement of the overdl materid
performance, taking the average diffuson length of the lower carriers from 100 - 120 mm to
150 - 170 nm. With these vaues the average efficiency could reach 13.5%.

Further efficiency improvements could be obtained with actions to the cdlls process.
surface passvation with oxide depogtion, increases of the thickness of the serigraphic
metallization, introduction of layers p+ at the back of the cdls, could be able to take the
efficiency to 15%.

Neverthdess these actions often make the process more difficult and increase the
cods. It would be deceiving to think to make precise calculations introducing processes not
yet stabilized in the methods and in the codts.

It is better to consider that those other costs are margind in relation to what has been
considered above and in any case they could be absorbed for the effect of other actions not
described here, asfor example the production volumes increase.

For those reasons the effects of the efficiencies improvement have been taken very far
in time, when the production volumes should be more than triple than the actua one.

Therefore, in the lagt line of Table 13, the chosen dates in which the various actions
could be taken to a successful end have been indicated.

Those dates represent only one possible time schedule, but many others could be
chosen with different times. Probably, for example, efficiency improvements could be obtained
in shorter times than those indicated, whereas the area increase up to 278 cr? could need
longer times.



The fact that in the next period of ten years, the PV modules industrid costs could be
maintained near to 1.8 ECU/Wp, certainly remain.

It is important to notice that to reach this am there is not the need to foresee
technologica results which do not exist a present, but it is only necessary to do better what
can aready be done today.

There is not therefore any need to invest in new production processes but it is
necessary to invest to give a more rationa assessment to those aready existent.



3.3 COMPARISON OF kWh COST: PV kWh COST vs FOSSIL FUELS kWh
COST

PV dectric energy has various gpplications each one with a specific cost. Frequently it
is improper to speek of the PV-kWh cost because it is more interesting to know the use that
the PV-kWh produces. For example, in the case of pumping, it is more interesting to know the
cost/mpPof the water produced.

Furthermore if the user is not grid connected the PV-kWh cost should be added to
that of other local factors. Therefore economic comparison are not smple and have to be
considered case by case.

To carry out a comparison among cogts, some parameters should be fixed:

Since this andyss is concerned with the PV energy production in EU, it is opportune to
consider PV plants connected to the nationa electric grid.

Moreover the area of EU countries around the 40° pardle is consdered as a strip of
privileged application and to which an average annud insolation on the horizonta surface of
1500 kWh/m?lyear is attributed, flat PV modules which face south and 30° tilted over the
horizontal surface are aso conddered, the ground cost is not considered because dtate
property or margina grounds are generaly used.

At thispoint it is possible to caculate the PV-kWh cost as a function of:
- the average efficiency of thefidd a the average working temperature;
- the cost of the module Wp;

- theB.O.S. costs concerning both the area and the power rate;

- thelifetime of the plant;

- the depreciation rate;

- the plant power rate.



Asan examplein Itay for the 3.3 MWp ENEL plant in the Serre Ste, the total building
codts are estimated to be around 40 MECU with a modules cost of 12 MECU and an
estimated kWh cost of 0.4 ECU consdering aplant life-time of 25 years.

Keeping the B.O.S. cost fixed and supposing to reach the industrial cost objectives of
1.8 ECU/Wp for PV modules, than the same plant would produce a a cost of 0.28
ECU/KWh. This demondrates that the research action only on the PV modulesis not sufficient
to make the PV-kWh cost competitive with the foss| fuels-kwWh.

Thereforean R & D pardléd effort on B.O.Sis needed. For B.O.S even more than for
PV modules, a cost decrease is expected by means of a more careful system engineering and
not from the research of new and cheaper conversion and transformer devices.



3.3.1 PV kWh Cost: the Grid Connected Case

For the evolution of the kWh cost of photovoltaic origin the reference case has been
defined, as described in Table 12 and Table 14.

A grid connected plant has been congdered because this is the gpplication which will
be possible to use in Europe, where the users not grid connected are a small part and where
photovoltaics answers the need to improve the quality of life and therefore towards the graduad
subgtitution of the foss| fuels generators with renewable energy grid connected plants.

For the evduation of the kwWh cogt, Cg, the expression described in Table 12 has been
used

Ce=(Cy + Cg) XK+ Kyn) / (I K1), ECUKWh

where Cy, is the PV modules cogt given in ECU/KWp and therefore in the "badc case’ is
equal to 3300 ECU/KWp asin Table 13.



3311 Photovoltaic Plants Cost

The PV modules to be effectively used should be mounted over support structures,
linked among each other in a serid-pardld configuration which makes a gring; the various
grings should then be linked using blocking diodes forming in thisway aPV fidd.

The eectric power rate collected at the terminas of the field should be transformed in
dternate current with such characterigtics that would not "interfere” with the grid standard
conditions, in the case of grid connected plants.

This various actions and components which from the module takes to the practica
application of the generated electric power rateis called B.O.S.

Therefore the cost of the photovoltaic plant Cs (ECU/KWp) is subdivided into two
principa terms. cost related to the modules, Cy,, and cost related to B.O.S,, Cg.

In Table 15 an attempt to make a comparison of the costs related to three plants
different among each others for dimensions (0.66 MWp, 1 MWp, 3.3 MWp) and for country
(Itay and USA) has been done. Italy was chosen because is one of the European countries
more active in the sector of the large Sze PV plants together with Germany and Spain.

The data shown have been taken from those published and normalized among each
other for an easer comparison.

The costs have been classified in an homogenous way, but there could dso be some
errorsin thar reclassfication.

It can be therefore found that the plant cost varies between a minimum vaue of 5.4
ECU/Mp and a maximum vaue of 7.1 ECU/Wp and this does not depend on the plant
dimensons

The modules cost increases with the plant dimenson between a minimum vaue of 3.6
ECU/Wp (plant of 3.3 MWp) and 4.4 ECU/Wp (plant of 0,66 MWp); but it is possible that



this trend does not have anything to do with the plants dimensions but rather with the module
production loca Stuation.

On the B.O.S. cog there is even more variation because the values are between a
minimum of 18% of the plant cost up to amaximum of 47%.

In this Stuation it is difficult to find a reference point from where to sart and then to
foresee an evolution trend.

This means that a deeper analysis should be carried out. Nevertheess in this paragraph
an attempt to andyze the gathered data will be carried out to give at least some variation
intervals.

The cost of B.O.S,, Cg, could be again subdivided into Cg 4, i.e. the B.O.S. cost
linked to the areaand Cg p, i.€. the B.O.S. linked to the generated electric power rate.

Cg a is referred to the costs proportiona to the modules ares, i.e. the occupied Site
area (this cot is never shown in the calculations because the sSite is aways supposed to be a
marginad one given free for PV use by the locd authorities), the support structures, the cables
among the various modules and among the modules strings, the junction boxes, the field fence,
the hearth connections, etc.

If only the italian plants are considered, these costs adone are evauated around 900
ECU/kWp for 110 Wp/m? modules, Cg 5 is obvioudy sengtive to the modules efficiencies,
which means 100 ECU/n®.

For the evauations given hereinafter these vaues will be used as a reference point for
CB,A'

Being sted structures, concrete plinths, rubber and copper cables, there is not any
possibility at this stage to decrease those codts in the future unless, a better more detailed
engineering will be carried out to decrease the materials quantities.

Only in thisway it is possible to understand the vaue of only 205 ECU/KWp declared
for the KERMAN plant.
The other possihility isto increase sgnificantly the modules efficiency.



With theterm Cg p, as dready said, the B.O.S. costs depending on the plants power
rate areindicated, i.e. transformers, DC/AC converters, dectric boards to subdivide the fidd.

Such codts are independent from the plant conversion efficiency; they could decrease
in the future because of a better engineering for a better energy conversion yield.

It is certainly true that the overdl efficiency of the PV plants will improve in the future
because of a higher reliability of those components which a the present time suffer of some
problems.

In Table 15 this term is equa to about 1400 ECU/kWp for the two itdian plants and
only 675 ECU/kWp for the USA one. The firgt vaue will be considered as the reference one
for the plants which could be ingaled in Europe and the second will be consdered as the
vaue to be reached in a short time.

Findly in the B.O.S. cods enter the plants engineering automation and supervision
costs, Cg p; these represent about 10% of the plants value for the italian case and only about
2% for the KERMAN plant.

Therefore the 500 ECU/KWp will be taken as the reference point whereas 100
ECU/KWDp as the possible target.

Therefore, the PV plant cost in the "basic casg", given in ECU/KWp, will be:
Cs (ECUKWDP) =Cy + Cga + Cgp+ Cpp
with the following vaues

Cs = 3300 + 900 + 1400 + 500 = 6100ECU/KWp
54% 15% 23% 8%

In the following pages the various parameters indicated in the expression shown in par.

3.3.1in this document will be andyzed.
3312 Solar Radiation, |



The cogt of the PV kWh obvioudy depend on the quantity of solar radiation faling on
the modules. In this paragraph only plant fixed systems will be discussed (technicd solutions
using sun tracking and concentrator systems will not be consdered here) used in Europe,
preferably in the Mediterranean regions, where the radiation on the horizonta plane is around
an average annud vaue of 1650 kWh/n?.

This vaue on the modules plane, which is 20 - 30° tilted from the horizontd plane
depending on the latitude, becomes about 1800 kWh/nm? per year and used as the reference

point.

The radiation value could be expressed as the ratio between the kwWh generated by the
modules and the kWp of the ingtalled modules and it can therefore be written

| = 1800 KWh/KWp



3.3.13 Actualization Coefficient, K,

This coefficient takes into account the plant amortization rate during itslife-time and it is

expressed by the formula
R

1- (1+R)"

Ka(t) =

being R the interest ingtallment and t the plants life-time expressed in years.

Inthe "basic case” R = 0.06 and t = 25 years.



3.3.14 M aintenance of the PV Plant

The given vaues agree on the fact that the yearly maintenance cost of the plant is less
than 2% of itsinitid cost and thisvaue is assumed for the "basic case'.



3.3.15 Transfer Coefficient, K

In this coefficient al the energy losses are included between the modules and the
connecting terminasin AC (grid connected plant).

Loss Causes Present Values  Target Volumes
("Badc Case")
E; | Plant working threshold 3% 1%
E, | Temperature effect 8% 8%

Electric mismatch and ohmic lossesin the

= generator o% 3
E, | DC/AC converter 5% 3%
Es | Faultsand service interruptions 5% 1%
aE | =Ky 25% 17%

The assumed vaues for each loss cause are averages from fina vaues of different
plants for life-time, Sze and latitude.

It is observed that at least 1/4 of the generated energy islost for the aforesaid causes.
It is certainly worth paying atention to these losses: conddering dl the efforts being

made to increase module efficiencies it makes little sense to see them vanishing through
inefficiencies a the plant leve!



Let's make a brief discussion on this losses:

E, - Plant working threshold

Theinsolation level obvioudy is not a congant and when the equivalent sun hour is defined the
intervals of low insolation are not taken into account.

In those intervals the PV generator power rate is so low that does not exceed the working
threshold of the DC/AC converters. Thisthreshold is different for each plant and causes losses
estimated in the region 2 - 4%.

It isforeseen that in the next plants this loss could be kept within 1%.

E, - Temperature effect

The PV modules based on cryddline slicon have an efficiency which decreases with the
temperature increase.

The effect ison the Voc and it isequa to about -2 mV/°C for cdlls serid connected.

Because the NOCT (Nomind Operating Cell Temperature) vaue is of about 45°C, it means
that the temperature a the cdl level is 20°C higher than the ambient temperature. Therefore,
with the ambient temperature of 25°C, the power rate lossis of about 10%.

Because the ambient temperature and the insolation change during the year, the power rate
loss consequently changes, the vaue 8% is an average consolidated vaue in the Stuation of
Mediterranean Europe countries. This loss factor is intringc to the nature of the photovoltaic
generator.

E; - Electric mismatch losses and ohmic lossesin the gener ator

There are losses coming from the coupling of modules, strings, sub-fields not perfectly equd as
far asthe electrica characteristics are concerned.

Other losses are due to the dectrical mismatch between generator and load. The overdl losses
are evauated around 6%.

These are loss factors which can be diminated with a better field engineering and with better
coupling systems between generator and load.

E, - Lossesin the DC/AC
Conversion efficiencies up to 97% are published for inverters of recent indalations, yield of
95% are consolidated.



Es - Faultsand service interruptions

This is the loss factor which at present very much pendize the plants, because these are of
experimenta use and are used for tests only and not for ared eectric energy production.

The assumed vaue of 5% is rather optimigtic in respect to the effectively shown vaues, but it is
pessmidtic if the sandard plants for dectric energy production are considered. In this Situation,
the mafunctioning conditions should be under 1%, otherwise the praised reiability of the

photovoltaics becomes unredidtic.



3.3.1.6 kWh Cost vsPlant Size

The only term sensitive to the plant Size is Cg p, i.€. the cost related to the engineering,
to the garting tests, to the commissoning. This cost in the "basc casg’ is equd to 500
ECU/KWp.

It can therefore be assumed that for very large sSize plants, or for severd plants which
use the same project, this vaue decreases up to become dmost negligible i.e. to about 100
ECU/KWp.
In thisway and keeping the same values of the "basic casg’ the kWh cost becomes
Ce=0.39 ECU/KWh Cg,p = 100 ECU/KWp

i.e. it decreases of 10%.

On the other hand the 100 ECU/kWp vaue has dready been obtained for the
KERMAN plant and therefore further improvements could be obtained in the future.



3.3.1.7 PV kWh Cos vsPlant Life-Time

The PV kWh cogt strongly depends on the overdl plant lifetime, as it is shown in
Figure 16.

This is obvious because the photovoltaic systems are characterized by high initid
investments and low running and maintenance cogs. In fact it is necessary to bear in mind that
the photovoltaic eectric generation method means investments rather than running costs.

For the same reason the kWh cost is strongly dependent on the way it is financed i.e.
on the interest rate. The same plant whose life-time is 25 years will have a kWh cost ranging
between 0.3 ECU and 0.72 ECU if the yearly interest rate ranges between 2% and 15%.

This means that the PV kWh cogt is dso srongly dependent on the financid policy
goplied to these plants and therefore on the support policy which will be adopted by the
European Governments towards the photovoltaic power generation.

It is therefore necessary that the plants life-time should be of at least 25 years. In fact
after this period the PV kWh cost remains virtualy a constant (Figure 16).

The PV cayddline modules are certanly able to satisfy these requirements, as it is
demondgtrated by some of the ingtdled plants a the beginning of the eighties which up to now
have not shown any sgnificant Sgn of degrade.

Whatever the production technology of future photovoltaic modules will be, ther
dability over time is a fundamentd aspect. This condderation serioudy undermines the
possbility to use thin film in power plants.

This is true for PV systems without tracking and without concentration; those in fact
seem to have some extra problems both at modules level (depolymerization of the

encapsulant) and at tracking systems level which require extra maintenance expenses.
3.3.1.8 M odules Efficiency Influence on the PV kWh Cost



The PV kWh cost as a function of the modules cost in ECU/n? for various modules
effidendesisshownin Figure 17.

This graph takes dso into account the effects of the converson efficiency on the
B.O.S. part dependent upon the area occupied by the modules.

It is therefore found that in the assumed hypotheses and shown as congtants, the same
cost of 0.44 ECU/kWh cdculated for the "basic case’ could be obtained, for example with
modules a 10% efficiency of cdls which would cost 275 ECU/n? or with modules a 14%
efficiency of cdls having a cost of 440 ECU/n?. It can dso be found that to reach the
objective foreseen for 2005 of 0.25 ECU/Wp, a cdll efficiency of at least 13% is necessary
with avery low cost of » 75 ECU/n®.

Because it has been found that the foreseen minimum cost in 2005 for the module will
be 239 ECU/n? (Table 13) and that the maximum efficiency consdered is 15%, it means that
the foreseen objective of 0.25 ECU/KWh cannot be reached working on the modules
efficiency only, but it is also required to drastically reduce the B.O.S. cost.

From Figure 17 it can dso befound that when the cels efficiency istoo low (<
8%) the kWh cogt is higher than 0.25 ECU even if the module cost was zero.

This means that for a ceartain B.O.S. cos the module should reach a minimum
efficiency (threshold efficiency).

This agpect dso pendizes the thin film modules in rdation to the polycrysdline
modules.



3.3.19 Effect of the Transfer Coefficient Kt over the PV kWh Cost

Ce isinversdly proportiond to K+ which can vary between the present vaue of 0,75
up to the foreseen vaue of 0.83. Higher vaues cannot be reached.

Consequently Cg could decrease from 0.44 ECU/KWh of the "basic case’ to
0.40 ECU/KWh, i.e. of about 10%, dl the other hypotheses remaining the same.

Inagraphic form, thisresult isshown in Figure 18.



3.3.1.10 Effect of theB.O.SCost over C¢

It is believed that the B.O.S. cost can be only margindly reduced with technologica
improvements over the three terms which makeit.

In fact the Cg o term, in principle, could be decreased only increasing the modules
efficiency and the effect was seen in Figure 17; the Cg p term could be decreased only
increasing the efficiency of the converters and the effect can be seen over the improvement of
Kt (Figure 18); the Cgp term, findly, could be decreased only improving the plants
sandardization, ther diffuson and the PV dte management.

Nevertheless, it has been seen that the declared vaues for the KERMAN plant are
much lower than those published for theitalian SERRE and ELIO 1 plants.

The reasons for this could be severd, not last the non homogeneity of the compared
data; nevertheless it is thought thet, at leest partidly, this difference is to be attributed to a
greater "confidence" of the KERMAN desgners with the photovoltaic technologies. This
avoids to introduce on the design path a series of cautions and redundancies present in the
European plants.

It can therefore be supposed that in the KERMAN plant there is a greater "maturity”
which takes to lower ingtallation cogts.

Having these consderations in mind a cost evolution of the B.O.S. can be supposed as
follows

a) Cga - The"basccase" vaue of 900 ECU/¥, could be decreased to 300 ECU/n? as an
effect of a raiondization of the assembling sysems and of a lightening of the
supporting structures. A further decrease is expected for a module efficiency from
the present 106 Wp/ne to 120 Wp/m? (h¢ = 15%). These two effects produce a
decrease of Cg of 19%.



b) Cgp- The KERMAN plant shows acost of 675 kWp against the 1400 of the
"basic case’. This value is consdered the target to be reached by the European
plants in 2005. This implies a decrease of Cg of 13% in relation to the "basc
case'.

a) Cgp- Decreasesfrom 500 ECU/kWp to 100 ECU/KWp as described in paragraph 3.6
with an effect of - 8%.

If the calculations are repeated with these improved B.O.S. performance the graph in
Figure 19 is obtaned from which it can be observed that the target of 0.25
ECU/kWh foreseen for the photovoltaic plants in 2005 could be obtained with the present
cost of the modules equal to 349 ECU/n? having a cdl efficiency of 15% or, for example,
from modules of low efficiency (but of equivdent lifetime 25 years) having a cost of 180
ECU/m¥; it could be the case of the thin films modules as long asthe life-time is guaranteed.

Obvioudy varying the B.O.S. cos dl the intermediate Situations can be found between
Figures 18 and 19. It is therefore important to confirm if the declared B.O.S. codt in the
KERMAN plant have redly been reached and in which way and which results will then be
effectively reached during plant operations.

It istherefore possible at this stage, to foresee a scenario in which to progressively take
into account al the cost improvements obtained a module level (Figure 15) and a B.O.S.
level and distributed over atime period up to 2005, it being the year in which, theoreticaly, it
should be possible to obtain the amed results.

It should be said that the costs evauation was carried out identifying a "basic casg’ as
close as possible to red Stuations. It represents the "minimum possible cost” compatible with
the present technology.

The various inefficiencies typica of ared Stuation were not considered, such as, for
example, high return rates due to lower process yields due to the management difficulties.

From this point of view the "basic casg" represent an ided case necessary to identify
the voices of cost which can be reduced and the more effective technica actions to be carried

out to improve the production process.

Thisisshown in Figure 20 as a synthesis of what has been discussed above.



The indicated time schedule of the indicated events is only an hypothess, but certainly
to take the PV technology into the eectric energy generation sector, a Smilar pattern if not the
one shown should be followed; otherwise photovaltaics will remain only & a demondrative
level and will not contribute to the effective production of eectric energy.

In this case photovoltaics could only give a contribution towards improvement of
quality of life a primary and extra secondary needs levels and in emergency Stuations not
otherwise possible.



3.3.2 Foss| FuelskWh Cost

The dectric energy production cost is very variable depending on countries, generation
and user gtes, type of plant and fossil fuds, usng time, etc.

An analysis of those costs will not be carried out here, it is only stressed that the cost
of the traditiond dectric energy is around 0,05 ECU/kWh. This vaue isto be attributed to the
electric energy generated by the main power plants.

The red gtuation is very complex because the dectric grid is fed by different type
generators which work depending on the load demand which is different hour by hour, day by
day, season by season, country by country.

Asanexamplein Figure 21 the load diagrams related to the italian grid respectively in
atypicd winter and in atypicd summer working day are shown

In winter two peaks can be found, one a 10 h and another one a 17 h. In summer the
peaks are less evident.

The summer Stuation could develop over the years when the habit to cool the working
areasin the dally hours will have become more diffused asit isin USA.

Nevertheess it is believed that the graph represents a Mediterranean area where the
ingdlation of the higher number of photovoltaic plantsis foreseen in Europe in the next years.

The diagram shows a correspondent base a the power rate level required for the night
hours and represents the basic load.

This is fed with the man power plants working congantly, which generate a a
minimum cost of about 0.05 ECU/kWh. While during the day the demand increases, more
generators are switched on including those generators switched on for a short period in
relation to the peaks.



The costs caused by the latter, peak power plants, are more than the double in relation
to the former and are about 0.13 ECU/kWHh.

To prove the above, Utilities are trying by means of a fee palicy, to move the domestic
users from the peak hours (from 7.00 to 21.30 from monday to friday) to the empty hours
(from 21.30 to 7.00 of the weekdays and saturday and sunday for the whole day). The fee
ratio between empty hours and peak hoursis about 1/3.

Because the PV plants work only in the daily hours, they will certainly become part of
first demand pesk.

It is further observed that if the PV plants are inddled to sugtain the grid in termind
sites, then the reference kWh cost cannot be the basic one, but the effective one belonging to a
particular Site, which can assume vaues up to 0.25 ECU/KWh.

With these considerations in mind it can be assumed that the photovoltaic eectricity
generation could have an effective use not only for the improvement of life at primary and extra
secondary needs levels but dso to easing the Nationd Electric Grid first as a support to it in
terminal Sites and afterward as a demand support in the peak hours.

A production cost of 0,25 ECU/KWh can be considered as the entrance threshold for
the first case; for the second case, 0.1 ECU/kWh seems to be instead a minimum possible
vaue.



3.3.3 PV and Foss| Fues kWh Cost Comparison

Electricity generation from PV is free of any type of acoudtic or radioactive
environmenta pollution. It occurs without any gaseous emissons and does not therefore cause
public health problems or damage to agriculture, and does not in any way affect the generd
and locd dimate.

It can be sad that the main judtification for the introduction of photovoltaics in Europe
IS the potentia for reducing the gaseous emissions that are linked to the combustion of fossl
fuds Whilg it is not currently possible to establish the competitivity of PV in ration to the
traditiona generation in terms of the kWh cost done, if gaseous emissons abatement is the
main driving force, then the associated environmental and socid benefits improve the viability
of PV.

Furthermore, optimum dectricity generation from photovoltaics corresponds to the
period of greatest insolation which, in some regions, coincides with the period of grestest
demand. During these hours the generation cogts for fossil fueled plant can double compared
to the average vaue as less efficient generating plant is cdled upon. The contribution from PV
during pesak-hours could reduce the need to upgrade the National Electric Grid to manage the
peak-hour energy demand. The contribution of PV ingtaled at the point of use should adso be
considered.

In addition to the "industrid” cogt of the kwWh from foss| fues a"socid” cost should be
added to take into account al the environmenta impact problems linked to the combustion.
When, from the generd assumptions, these cods are quantified, it is very difficult to find
objective references upon which to determine accurate values.

Referring to the appropriate specidized literature, this report andyses the avallable
data and offers some conclusions and attributes some values to the socia damage linked to the
effluents of the fossl fuels power plants which, excluding CO,, increases the kWh production
cost by afactor of 2. If the contribution to the greenhouse effect caused by CO, emissonsis
added, the overadl socid cost of generation from fossl fuesincreasestheinitial cost by & least
afactor 3.



On the negative Sde, the cost of photovoltaic generation is pendized by the uncertainty
of the production which is dependent on meteorologica factors. This uncertainty forces utilities
to inves, even if only partidly, in pesk power plants. Therefore photovoltaic plants contribute
to areductionin the management costs but not the investments on peak power plants. To take
into account such cogts, it is necessary to modify the PV energy cogt, G, with a correction
factor. Assuming that andysis of the economics of atraditiond fossl-fue power plant gives an
energy production cost where investment and running costs account for 1/4 and fuel costs
account for 3/4 of the totd. In this case the correction factor would be 0.75

Congdering al these aspects, comparison of PV kWh cost with fossil fuels kWh can
now be undertaken in the following way:

1) Bulk plants
Industrid cost 0.05  ECU/KWh
"Negetive cod" for emissons 0.05 !
"Negative cost" for CO, (greenhouse effect) 0.05 !
Y2¥0Y2Y0aY1YaY1%Ya
Tota cost 0.15 ECU/KWh
2) Peak plants
Industrid cost 0.13  ECU/Wh
"Negative codt” for emissons 0.10 "
Y% ¥a¥a31Ya¥aYa s
Total cost 023  ECU/KWh
3) Grid support plants
Industrid cost 025  ECU/KWh
"Neggtive cost” for emissons 0.10 "
Y1YaY0aY2Y1YaYa Y
Total cost 0.35 ECU/KWh

4) Grid connected PV plants

Indusgtrid cost Ce ECU/KWh
"Negative factor”" for production uncertainty 0.75




In agreement with the aforesaid vaues, Figure 20 offers an indication of the threshold
vauesfor the viable use of PV for various gpplications. These could have a significant meaning
for the diffuson of photovoltaic eectric energy.

The graph demondtrates that photovoltaic plants could be used as a support to the grid
in point of use Stes where the PV kWh cogt isaround 0.26 ECU/kWh and this, according
to the hypotheses shown in Figure 20, could occur around the year 2001.

The use of PV to meet peak hour demands will be possible around 2005 where the
cost will decrease below 0.18 ECU/kKWh.

According to the hypothesis, bearing in mind the anadlyss does not atempt, for
ingance, to make any predictions as to possble variations in the cost of primary fossil-fuel
which can be susceptible to Strategic shortages as well as gluts, in the period considered it is
unlikely that PV will be competitive with "Bulk generation” which reguires a minimum cost of
0.12 ECU/KWh.

As was mentioned earlier, though, PV in the main generation plants is dso held back
because of its discontinuous character. For the use of the renewable energy sources in a
quantity greater than 10% in the grid it is necessary to overcome the problem of storage which
isnot considered here.

The PV-kWh cost, G- , is the result of two contributions, the module cogt and the
B.O.S. cogt. It is desiregble that both components decrease in relation to their present values
by smilar amounts. It is of little vaue to make efforts only to the decrease the module cog,
Cy, if it not possble to decrease the ingdlation and grid connection cost and vice versa.
Figure 20 attempts to show that there are margins for reduction in both components.

It isvitd to stress that the numerica vaues shown do not have clearly defined variation
margins and therefore the indications should only be used in respect of their methodology
rather than in terms of absolute vaues, the indications could perhaps be more accurately
defined if afurther, morein depth analysis was carried ouit.
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34 EFFICIENCY, STABILITY AND COSTSFOR VARIOUSTECHNOLOGIES

As has been dressed in the introduction to this study, dl the condderations in the
previous chapter refer to industrial costs and do not concern price.

Before atempting to make any comparisons as to the most promising technologies
some congderations on polycrystaline systems price are made.

At present, it is difficult to foresee a trend in photovoltac system prices, but it is
believed that any attempt to do so must incorporate some cost which would take into account
both the trading cost and the financid cost to manufacturers.

Given the present dimensions of the production lines an increase of at least 25% is
necessary to cover al of these costs and an increase of 5% to account for profit is fundamental
to make the photovoltaic sector indudtridly viable.

According to these condgderations a forecast of photovoltaic system pricesis given in
Figure 22.

The technologies comparison, found hereinafter, is again carried out consdering
elements of cost and not price.

The target of 025 ECU/kWh conddered possble in 2005, a least a the
demondiration plant leve, is the result of a series of improvements both a module technology
level and & B.O.S. level.

However, the same result could be obtained with a number of different combinations
than the one hypothesized.

In Figure 23a) the corrdation between the B.O.S. cost in ECU/KWp G and the
module cost Cy, is shown to obtain the same energy cost fixed at 0.25 ECU/KWh.
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In the hypotheses indicated in the above figure, it is seen that with the present B.O.S.
cost (2800 ECU/kWp), the module cost should be in the range 80 + 100 ECU/n® for cdlls
efficiencies around 10% and around 140 ECU/n? for efficiencies of about 15%.

At present there is not any technology capable to reach those costs, and in fact with
the necessary efficiencies the actua kWh cogt is Stuated around 0.44 ECU/KWHh.

The cost forecast for the B.O.S. is around 1000 ECU/KWp in 2005 and therefore
0.25 ECU/KWh can be obtained with module costs between 200 and 350 ECU/m? when the
cdls efficiencies are from 8% to 15% and the plant life time is 25 years and between 140 and
260 ECU/ne when the plant lifetimeis 15 years as shown in Figur e 23b).

In thiscase thecost of compatible module canreach 350 ECU/m? (h= 15%, t =
25years) and itisreducedto 170 ECU/n? for thin films based modules (h= 10%, t = 15
years).

As far as the crystdline slicon technology is concerned, which is in a more advanced
indugtrial phasg, it is possble to anayze the costs dements with a certain precison and to
indicate the technological aspects to be improved to obtain the results amed for , as has been
done in the previous chapter 2.

In the case of thin films modules, the costs evauations at the present time and the
medium term forecast are quite unreliable. However, it is possble to venture some
consderations.

a) Thin films modules use a quantity of active materid much lower than the one necessary
with the crystaline silicon because of the reduced thickness of about a factor 100.
This characteristic makes the costs more sengtive to the production volumes in respect to
the crysdline slicon technology and therefore a significant cost reduction is expected
when production lines increased from 10 MWplyear to 100 MWplyear.

b) Nevertheless the module assembly (glass, EVA, frame, box) is very smilar to standard
cryddline slicon modules and it is supposed that the associated costs will be very similar
to those caculated for cdlls with abigger area.

From Table 13 it can be seen that the assembly cost is 80 ECU/n? which remains
condant in the thin film case.
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c) To makethethinfilm (CdTe, CIS, a -S) it ishecessary to use a different glass (»
10 ECU/?) covered by a trangparent and conductive oxide (TCO) whaose deposition,
with vacuum equipment and in areas without dust (class 1000 a least), has a high
asociated codt. This requires high levels of investment which are more easly absorbed
with the increase of production volumes.

In any case it seems improbable that the thin films modules cogt will go lower than 150
ECU/m¢? when the crowning and substrates materias one are quoted at not less than 80 -
90 ECU/n? .

In any case the cost of 150 ECU/n? is compatible with an energy cost of 0.25 ECU/KWh
if the converson efficiency is congtant a 8% for a time of 15 years as shown in Figure
23b).
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