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overview

e System boundaries of the ecoinvent
data

« Inventories and Up-dates
e Interpretation of results

e Comparison with other energy
technologies

e Pay-back time

e Conclusions
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Life Cycle Assessment

« Balance of all 1n- and outputs
e L1fe cycle from cradle to grave

e Assessment of different
environmental impacts (e.g. climate
change, eutrophication, summer smog)

« Improvement and comparison of
production processes

Page 4 presentation: Niels Jungbluth
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Analysed 3kwp plants

Installation Cell type Panel type
Slope roof mc-Si Panel
pc-Si Panel
mc-Si Laminate ”
pc-Si Laminate
mc-Si, future Laminate ”
pc-Si, future Laminate
Flat roof mc-Si Panel
pc-Si Panel
Facade mc-Si Panel
pc-Si Panel
mc-Si Laminate
pc-Si Laminate
"): Panel = mounted on the roof
2): Laminate = integrated in the roof construction

> Life cycle inventory from cradle to grave of plants operated in Switzerland

Page 6
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ecoinhvent PV 1nventory

Extended reworking and update of 1ife cycle inventories
for the year 2000

European production processes that can be considered for
plants in Switzerland

Present technology 1is still under development. Estimation
for possible future improvements until 2010

Cconsideration of a range of process specific emissions

Basis for the evaluation of photovoltaic and comparison
with other types of electricity production

Life time 30a,
Average production 885 kwh/kwp

presentation: Niels Jungbluth
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» Important differences for the assessment with different methods

4

LCIA of PV electricity:
Contribution analysis

0% 20% 40% 60% 80% 100%

non-renewable energy
resources, fossil
non-renewable energy
resources, nuclear

renewable energy resources,
water

global warming potential, 100a

ecological scarcity 1997

eco-indicator 99, (H,A)

O MG-silicon M silicon purification [ casting W wafer sawing

M cell production I panel production 0 BOS components [Ooperation
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comparison of PV technologies with Eco-
indicator 99 (H,A)

Eco-indicator 92 (H.A), points
0% 20% 40% 60% 80% 100%

=

slectricity mix CH,
photovaoltaic

electricity, slanted-roof ,

mc-3i, panel
<

electricity, slanted-roof, pc-
S, panel

electricity, slanted-roof,
mic-5i, future

N
u
.'l
.|

electricity, slanted-roof , pe-

EEEEE

S, future
] ]
O acidification & eutrophication B ecotoxicity [lland eccupation
O carcinogenics B climate change Oionising raciation
W ozone layer depletion COrespiratory effects W fossil fuels

B mineral extraction

> Respiratory Effects: Particle- und NOx-emissions

» Fossil Fuels: Gas and oil consumption
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Comparison of PV technologies with
ecological scarcity method

Ecological Scardity 1997, LIBF

20 40 &0 g0 100 120 140

' ' i i '
electricity mix CH,
photovaltaic

electricity, slanted-roof,
me-Si, panel

electricity, slanted-roof
pe-Si, panel

: J I

electricity, slanted-roof,
me-5i, future _

alactncity, slanted-roof,
pe-Si, future

[ deposited waste M emission into air
Clemission into top-soil/groundwater C emission into water
M radioactive waste O use of energy resources

» NOx and nitrate from wafer production are important

4
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Ccomparison of power plants
cumulative energy demand per kwh,

30
Renewable, water
25 Renewable, wind, solar, geothermal
Renewable, biomass
20 | B Non-renewable, nuclear
B Non renewable, fossil

z
=
e
o 15 -
@
-
>

o
|
photovoltaic/CH
hydropower/CH
wind/CH
wood cogen/CH
natural
gas/UCTE
natural gas,
combined
cycle/RER
oil/lUCTE
nuclear/CH
mix/UCTE
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Comparison global warming

0.9 ® IPCC GWP 100a, biogenic
038 mIFCC GYWP 100a, fossil, non-Cio2
' W IPCC GWP 100a, CO2
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Eco-indicator 99 (H,A) points/ikWh

Pag. ..

Comparison Eco-i1ndicator 99 (H,A)
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1cal Scarcity 97
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comparison

e Photovoltaic i1s better than fossil fuels
and wood

e Comparison with nuclear depends on the
type of valuation

e Photovoltaic has disadvantages 1n
comparison to hydro and wind energy

e Life time and yield in kwh/kwp are key
factors for the environmental performance

e Further reductions of environmental
impacts of about 40% seem to be possible

Page 15 presentation: Niels Jungbluth
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Pay Back Time and Energy Yield

« What type of pay back?
— (Non-renewable) energy i1nput
-~ Emissions caused by the production

e What reference system?

- Today average electricity
production

- 01d coal power plant (replacement)

- Modern gas power plant
(alternative i1nvestment)

Page 16 presentation: Niels Jungbluth
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Pay Back Time and Energy Yield

25
274
Bl pay back time, non-renewable and hydro
20 =
O pay back time, global warming
. M pay back time, EI'99, (H,A)
£ W pay back time, UBP
2
10
5 i
B L I = | B

pc-Si, future mc-Si, pc-Si, future mc-Si, pc-Si, future mc-Si, pc-Si, future mc-Si,

& natural panel, & UCTE mix panel, & UCTE panel, & CH- panel,
gas mounted & mounted & coal mounted & nuclear mounted &
natural gas UCTE mix UCTE coal CH-nuclear

> Pay back time and yield factors depends on reference system and LCIA method and are no
clear indicator
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outlook

Forecasts tended to underestimate the environmental
impacts

Improvement potentials for silicon efficiency and
production, process specific emissions, cell efficiency
and operation performance

Real market situation (raw material supply, electricity,
etc.) must be considered

Energy analysis or CO2-emissions are not sufficient for
an environmental assessment. Process specific emissions
are important!

The cooperation with PV industry (silicon purification,
cell production) shows improvement potentials (when
compared with other sectors)

The European Crystal Clear project will help to update

life cycle inventory information sresentation: Niels Jungbluth
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Publications

« Jungbluth N. (2003) Photovoltaik. In: Sachbilanzen von Energiesystemen:
Grundlagen fir den ékologischen Vergleich von Energiesystemen und den
Einbezug von Energiesystemen in Okobilanzen fiir die Schweiz (Ed. Dones
R.). Paul Scherrer Institut Villigen, Swiss Centre for Life Cycle Inventories,
Dubendorf, CH retrieved from: www.ecoinvent.ch.

« Jungbluth N., Bauer C., Dones R. and Frischknecht R. (2004) Life Cycle
Assessment for Emerging Technologies: Case Studies for Photovoltaic and
Wind Power. In: Int J LCA, 10(1), retrieved from:
http://dx.doi.org/10.1065/Ica2004.11.181.3 or www.esu-services.ch .

« Jungbluth N. (2005) Life Cycle Assessment for Crystalline Photovoltaics in the
Swiss ecoinvent Database. In: Prog. Photovolt. Res. Appl., 2005(13),
retrieved from: www.esu-services.ch or
http://www3.interscience.wiley.com/cqi-bin/jtoc/5860
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Annexe: Life Cycle Inventory
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Future scenario for 2005-2010

e Present technology i1s still under development

e Goal: Evaluation of the potential for future PV
applications

e Production of purified solar-grade silicon in a
specific process

« Reduction of energy consumption in different stages
based on observed minimum figures from Tliterature

e Better efficiency of solar cells
- pc-S1 = 15.7%, mc-S1 = 17.5%

Page 21 presentation: Niels Jungbluth
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Key parameter

it mc-5i pc-5i mc-5i future | pc-Si future

MG-silicon production
electricity use, NO hwdro power Evwhskg 11 11 11 11
EG-silicon production
electricity use, DE, plant specific AT g Tl o | 103 103 av ar
CZ_silicon production
electricity use, LIZTE Evwhskg 123 - 100 -
mc-5i and pc-5Si wafer
thickness waftfer Him 200 300 200 300
Sawing gap Hrm 200 200 200 200
wafter ares Cr= 100 100 100 100
weeichit o] G 949 F. 949 G99 F. 949
cell power W 1.65 1.48 1.745 1.487
cell efficiency G 16.9% 14.8% 17.9% 15.7 %
use of MG-silicon ohwater 19.0 192 163 18.1
EG-silicon use pearwater oMrater 11.2 11.2 9.3 9.3
Process energy kN ater 0.3 0.3 0145 015
mc-5%i and pc-5i cells
process enardy Evwhicell 0.2 a2 .11 o.11
panel/ laminate, mc-5i/ pc-5i
number of cells cellsfpanel 112.5 112.5 112.5 112.5
panel area Crme 125249 12529 125249 1265249
active area Cre 11250 112450 11250 112450
panel powwer W 185 166 197 177
efficiency production - Q7% 97 % Q7 % L= IO
use of cells mo-5if po-Si cellsikvg =N} G677 27 G637
process enardy (A e 023 026 0.z20 0o.23
IKWp-plamt
panel area mE.I'SI-;‘-.-“-.I'F. 18.2 20.3 171 19.1
operation
vield, slope-roaf KW hr R s88a 88a s88a 88a
wield, facade Ry h kW G26 BZ26

Pa'g.rield, ZH electricity mix EA R 2149 2149

iels Jungbluth
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Silicon efficiency

mc-Si pc-Si mc-Si, pc-Si,
optimiert optimiert
Unit Stk Stk Stk Stk
Spezifisches Gewicht Silizium g/cm3 2.33
Ausbeute Zellenherstellung % 95% 92% 95% 92%
Waferdicke Mm 300 300 300 300
Sagespalt um 200 200 200 200
Wafergrosse ot 100 100 100 100
Wafergewicht g 6.99 6.99 6.99 6.99
Sageverluste Wafer g 4.66 4.66 4.66 4.66
Sageverluste % 60% 60% 60% 60%
Davon Recycling % 10% 10% 50% 50%
Summe Si direkt fur Wafer g 11.18 11.18 9.32 9.32
Ausbeute pc-Silizium Blockgiessen % - 67% - 70%
Ausbeute pc-Silizium zu CZ-mc-Silizium % 65% - 75% -
Bedarf gereinigtes Silizium pro Zelle g 18.1 18. 13.0] 14.5
Bedarf gereinigtes Silizium pro Wp q 11.0 12. 7.5 9.2
Ausbeute MG-Silizium zu gereinigtem Siliziuml % 95% 95% 80% 80%
Bedarf MG-Silizium pro Zelle g 19.0 19.2 16.3| 18.1
Gesamteffizienz MG-Si zu Wafer % 36.8% 36.5% 42.9% 38.5%

> Verified with Top-Down data for MG-silicon use per kWp

Page 23
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Silicon: A global market
-

solar
cells
Aluminum 3“03!5 151 wa
HSICI :
metalllurgical 3 waste silicon
coal silicon 225,000 2,400 tons

.26 million tons 535,000 tons

=

charcoal

SiCls

ﬁfm million | CGS SiCls
grade silicon 55,700 16,300 24.5 billion cnf
"' 356,000 tons|| oS tons
' quartz 4
2.7 million tons licones
- D
chemicals ot

fiber
48.9 million km

semiconductor
evices
258 billion units
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MG-s111con

e Assumption of electricity mix for
Norway (hydro power)

e Other producers 1n France (nuclear
power) not considered

> Use of charcoal from rainforest might be an important issue for further investigation

Page 25 presentation: Niels Jungbluth
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EG-s1licon production routes and prices

Quality
i EG-Si production
L-glectronics
o
PV Indusiry
EG-5i rejects  {[* :
Classical ¢
Dif{erent route .-
pessible —T SoG-5i
new routies
e | LI MG-5)
ME-EI e L N P P P e a Cﬂs,fs
..1 -
<26 < 15€ 15 - 30€ TOE
witiciIciliu IJUJJIUILILICJ 1vi IJI vuuLvLivil vi IJ\—’JILI\—UII 1vVI LliIc IJIIULUVULL(:I\.— IIIUUJLIy aliug |J| LA S oy |JCI f\s \Jul Ll W I—Illlluus 2002)
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One process — Three products

MG-silicon purification

le|4 EG-EM‘\W‘je silicon
silicones (plastics) electronic photovoltaic
production iIndustry cells

» Simplification to assume all off-grade silicon coming directly from EG-silicon purification

Page 27 presentation: Niels Jungbluth
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Example:
inventory for allocated products

silicon sl
_5 - MG-silicon, electron‘ic electronic silicon
Name § 5 to grade, at grade, off- tetrachlorid |Allocation criteria
S purification ’ grade, at e, at plant
plant
plant
Location DE DE DE DE
Unit g kg kg kg
allocated silicon, electronic grade, at plant DE kg 100 0 0
products silicon, electronic grade, off-grade, at plant DE kg SAA=Z 0 100 0
silicon tetrachloride, at plant DE kg UE™e 8 0 100
technosphere [MG-silicon, at plant NO kg @ 8.9 20.0 [Material balance
polyethylene, HDPE, granulate, at plant RER kg 8 8 2.4 25.6 [Revenue all products
hydrochloric acid, 30% in H20, at plant RER kg 2.00E+0 48.4 1.6 50.0 |Stoechometric calculation
natural gas, burned in boiler condensing modulating >100kW RER MJ 1.22E+2 96.8 3.2 - Revenue purified silicon
electricity, natural gas, at combined cycle plant, best RER kWh 8.66E+1 96.8 3.2 - |Revenue purified silicon
electricity, hydropower, at run-of-river power plant RER kWh 2.74E+1 96.8 3.2 - Revenue purified silicon
price GLO € 70.36 75.00 20.00 15.00
revenue GLO € 70.36 50.67 1.69 18.00
sitkon silicon,
_g . MG-silicon, clec on'ic electronic silicon
Name ® £ to grade, off- tetrachlorid
S~ purification 9% 2 de, at t plant
S purification b grade, a e, atplan
plant
Unit 0 0 kg kg kg
allocated silicon, electronic grade, at plant DE kg 0 0
products silicon, electronic grade, off-grade, at plant DE kg 1 0
silicon tetrachloride, at plant DE kg 0 1
technosphere MG-silicon, at plant NO kg 1.1 0.2 |Material balance
polyethylene, HDPE, granulate, at plant RER kg 6.7 1.81E-4 1.36E-4 |Revenue all products
hydrochloric acid, 30% in H20, at plant RER kg 0.4 0.8 |Stoechometric calculation
natural gas, burned in boiler condensing modulating >100kW RER MJ 46.5 - Revenue purified silicon
electricity, natural gas, at combined cycle plant, best RER kWh 33.1 - Revenue purified silicon
electricity, hydropower, at run-of-river power plant RER kWh 10.5 - Revenue purified silicon

> Elementary Flow times allocation factor divided through output equals the single inventory
presentation: Niels Jungbluth
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Silicon purification

e Allocation with 100% rule considering all products
of the process

e Plant specific electricity mix for EG-silicon
(largest European plant 1n Germany)

« Update for the most important process parameters
(energy use)

e Analysis of process specific emissions and
infrastructure

> Simplification to assume all off-grade silicon coming
directly from EG-silicon purification

» High dynamic in the silicon market not driven by PV
> S0G-silicon discussed for 20 years but still not realized

> Forecasts for energy use turned out to be to optimistic
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CZz-si1licon, casting, wafer- and cell
production

« Update for silicon yields

« Analysis of further process specific emissions with
data from environmental reports and Titerature

e 50% EG-silicon and 50% off-grade silicon as input
in 2000

e 50% Solar-grade-silicon and 50% off-grade silicon
in future

e CZ-silicon investigated with data from German
producer for IT-products and literature data

» EG-silicon is used today because of IT-sector crisis

> Still data gaps due to little information from industry and uncertain data

Page 30 presentation: Niels Jungbluth
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Cell efficiencies

25 ﬁ

O a-Si A mc-Si X pc-Si
23 — — Trend (a-Si) Trend (mc-Si) - - - -Trend (pc-Si)

1992 1996 2000 2004 2008 2012 2016 2020
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Module- and plant production, operation
for electricity production

e Considering today sizes of cells and modules

e Only punctual update of old inventories for
manufacturing

e Present yield of power plants operated 1in
Switzerland
- 819 kwh/kwp for production average

— 885 kwh/kwp for flat roof and 626 kwh/kwp for
facade

e Calculation of photovoltaic supply mix for
Switzerland

> Actual yields shall be taken into account
Page 32 presentation: Niels Jungbluth
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Results of i1nventory analysis (Example)

Particulates, < 2.5 um high population density kg 2.0E-6 1.1E-6 3.6E-6 1.7E-6 1.1E-6 | 2.6E-6

Particulates, < 2.5 um low population density kg 8.2E-6 2.7E-5 _ 8.1E-6 | 2.1E-5

Particulates, < 2.5 um '0Ver Stratosphere + upper kg 7.5E-16 3.0E-16 | 1.6E-15 5.9E-16 2.4E-16| 1.2E-15
troposphere

Particulates, < 2.5 um unspecified kg 1.6E-6 1.2E-5 14E-6 | 1.2E-5

Particulates, < 2.5 um total kg 2.2E-5 2.0E-5

Page 33 presentation: Niels Jungbluth
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Shortcomings

« Most elementary flows are based on only
one information source

« IT several sources are available they show
a large variation

e Data are mixed from different sources and
different time periods

« Refinements shall be concentrated on key
parameters for LCIA

Page 34 presentation: Niels Jungbluth
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