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! Intergovernmental Panel on Climate Change (IPCC)
2 Levelized cost of energy (LCOE)
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! Metallurgical grade silicon (MG-Si)
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! Solar grade silicon (SoG-Si)

2 Electronic grade silicon (EG-Si)

3 Siemens

4 Fluidised Bed Reactor(FBR)

5 Upgrade Metallurgical Grade (UMG)
¢ Vapor to Liquid Deposition (VLD)

" Trichlorosilane (TCS)
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! Siemens with Direct Chlorination (DC)
2 Hydrogen Chloride (HCI)
3 Trichlorosilane (TCS, formula: HSiCls)
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! Siemens WithSilane
2 Monosilane (Silane, formula: SiH4)
3 Magnesium Silicide (Mg.Si)
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Technology Selection criteria

ili - Most widely used technology for new market
POIySIIlcon Siemens rod based CVD entrants Y &Y

direct chlorination or
- Well proven technology

hydrochlorination . .
v - Choice depends on investors background and

existing infrastructure

- p-type silicon wafer material is by far the most

Boron-doped (p-type] mc- convenient silicon wafer material, technical

Ingot/

Siingot + improvements like the High Performance mc-Si
Wafer approach lead to even higher quality silicon

Multi-wire slurry sawing material and high silicon utilization

(MWSS)

-  MWSS most suitable technology for mc-Si with
highest production yield

- PERC cells have a much higher efficiency
PERC solar cells potential than AI-BSF cells, especially with
Sola[ ce" constantly decreasing wafer thicknesses (below
120pum it might be even impossible to
manufacture Al-BSF cells without significant yield

loss due to wafer warpage).
- Within the next 2 to 3 vyears, PERC cell
technology will be more and more the standard

cell technology globally.

C'Sl SOlaI' - Most widely used technology for market entrants
EVA based Glass-

module Backdheet mogi® - Proven bankability of the modules
- Simple upgrade towards Glass-Glass technology
possible (prolonged product warranties of 30
years)
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Production et
Sector capacit costs (USD Comment
pacity Million)
Metalluraical- Minimum plant size; 13,000 tons for
i gical 35,000 tons | 192.3 - 230.8 PV and 22,000 tons sold to other
Silicon (mg-Si) relusls
P_olysmcon (poly- 10,000 tons | 338.5 - 384.6 Minimum plant size, range based on
Si) low and high case
100MWp 21.5- 30.8 .
Wafer Range based on low and high case
1GWp 138.5-175.4
100MWp 18.5-26.2 )
Cell Range based on low and high case
1GWp 118.5-141.5
100MWp 10.8-15.4 )
Module Range based on lowand high case
1GWp 69.2 —89.2

“Low case” Represen.ts the_ most relevant c_onsumables per value chain production step at
preferential prices usually available from direct local supply.
— Most relevant consumables per value chain production step at prices from
High case” . . .
world market (mostly imported) or at high local prices.
“High
(100%0) 8520 working hours a year for international standard 24/7 production.
utilization”
“Low
(70%) 6000 working hours a year based on traditional Indian manufacturing plants.
utilization”

V30 050255 e 30 el g 52 Y-F-Y
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Common static assumptions

Electricity cost 0.085 USD/KWh

Capex equipment 30%
Capex building, facilities, infrastructure, auxiliaries 70%
Equity share 20%
Equity interest rate 20%
Debt interest rate 12.50%
Corporate tax18 34.61%
WACC (Calculated) 10.54%
Depreciation period — equipment 7 years

Yy



Depreciation period — building, facilities, infrastructure,

auxiliaries 25 years

Labor Annual gross salary
Operator 1846.2 USD
Technician 2769.2 USD
Engineer 5538.5 USD
Administration 3692.3 USD
Scientist 7384.6 USD
Wafer/Cell/Module specifications

Wafer size 156.65*156.65 mm?
Wafer thickness 180 pum

Cell type p-type multi-crystalline PERC cell
Cell efficiency 19.39%

Cell power 4.76 Wp

Module type EVA-Glass-Backsheet module
Module efficiency 17.40%

Module power 285.9 Wp

O s b adls ) -Y-F-Y
sl gl (oS loyw 5 absa Lol slaadss (ol B slads e dals cpl > J8g0il08 155 elwl 4
ladle )5 Jle oSilow Mg

Key cost driver Low Case High Case Unit
Interest 6 125 %
Electricity 0.012 0.846 USD/kWh
Capex! 338.46 — 384.62 USD (Million)

1l Y=Y IS5 & jg0 43 CSTEPY (g9l bl o (58w b Mg pald sajo ol )l

! Capex estimated as: 24,000 TPA costs 5,500 INR Cr which implies that 10,000 TPA costs
(5,500/24,000)*10,000 = 2,300 INR Cr (approx.)
2 CSTEP (Oct 2015), “Addressing the Challenges of RE Manufacturing in India : Horizon 2032”

v



Net polysilicon production costs
1600
..E 1340
=] 1400 "
g X Depreciation, Labour &
1200 raw material
-% 944,7
2 = 1000 V2 636, B Electricity
g. .,-:i 800
o
§Z 600 636,5 M Interest
S =
% 400
>
2 500 . X Total cost
o
@ 0 . .
= Low Case High Case
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Key cost driver Low Case High Case Unit
Polysilicon 14.54 20.61 USD/kg
Sawing wire 0.477 0.584 USD/km
Crucible 756.9 930.8 USD/unit
Slurry (SiC) 1.0 1.2 USD/kg
Capex 100MWp 21.5 - 30.8 USD (Million)

Capex 1GWp 138.5 — 175.4 USD (Million)
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Net Wafer production costs per Watt peak I8
= 14,00 11,84 1080
10,31 )

-.3 12,00 . 271
Z 10,00 !
£ 8,00
8
c 6,00
Rl
£ 4,00
3
o 2,00
t
a
5 0,00
§ 100MWp 100MWp 1GWp low 1GWp high 100MWp 100MWp 1GWp CF701GWp CF70
= low case  high case case case CF70low CF70high low case high case
2 case case

M Equipment M Building and Facilities m Labour

M Parts W Utilities M Process consumables

[ Waste disposal M Yield Loss — Total Cost
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Key cost driver Low Case High Case Unit
Ag paste (45%) 175.4 515.4 USD/kg
Ag paste (87%) 461.5 821.5 USD/kg
Al paste 11.4 13.2 USD/kg
Capex 100MWp 18.5 - 26.2 USD (Million)
Capex 1GWp 118.5 —141.5 USD (Million)
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Net Cell Production Costs (without Wafer) per Watt Peak 15
8,00 601
7,00 5,98 6,17 . 5,91
6,00 5,36 = 5,25 —_—

5,00

4,00

3,00

2,00

1,00

0,00

Net Cell Production Costs (INR/Wp)

100MWp 100MWp 1GWp low 1GWp high 100MWp 100MWp 1GWp CF701GWp CF70

low case  high case case case CF70low CF70 high lowcase high case
case case
M Fquipment M Building and Facilities m Labour
M Parts W Utilities M Process consumables
1 Waste disposal 1 Yield Loss — Total Cost

(F2g 58,5 S5 )3 o) Swd yo5 Jokw Mg5 (AL gty 30 :0-Y JSUS
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Key Cost Driver Low Case High Case Unit
Glass 4.9 7.3 USD /m?
EVA foil 3.1 4.0 USD /m?
Backsheet 4.2 6.7 USD /m?
Aluminium frame 8.0 12.0 USD /unit
Junction box 4.6 8.0 USD /unit
Capex 100MWp 10.8 — 15.4 USD (Million)

Capex 1GWp 69.2 — 89.2 USD (Million)
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Net Module production costs (INR/Wp)

20,00
18,00
16,00
14,00
12,00
10,00
8,00
6,00
4,00
2,00
0,00

Net Module production costs (without cell) per Watt peak Z Fm""h"fi:

16,77 17,46 16,57
16,08

12,48 13,17
I 11,80 I

100MWp 100MWp 1GWp low 1GWp high 100MWp 100MWp 1GWp CF701GWp CF70

12,29

low case  high case case case CF70low CF70 high low case high case
case case
W Equipment B Building and Facilities W Labour
M Parts B Utilities M Process consumables
M Waste disposal 1 Yield Loss —Total Cost
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All-in Module Costs (INR/Wp)

All-In Module Costs per Watt Peak % qu"huffsﬁ
45,00 39,10 69t 24 38,65
40,00 X
35,00
30,00
25,00
20,00
15,00
10,00
5,00
0,00
100MWp 100MWp 1GWplow 1GWphigh 100MWp 100MWp 1GWp CF70 1GWp CF70
low case  high case case case CF70low CF70high lowcase high case
case case
. \Wafer  Cell
[ Module Production === All-in module costs without SG&A/R&D costs
X All-in Module Costs
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Equity % 30%
Debt % 70%
Equity MIRR 16%
Interest on long term loan 12%
Long term loan period (years) 15
Interest capitalization (quarters) 3
Interest on WC loan 12%
Category Life (years) S@Q/Ii%e Rate (WDV) (53 ,t\;) I,D/_\e C[Sf(!?:ir:ttii)dn
Building 62 0% 10% 1.63% -
Plant if]g‘:y 7 5% 15% 14% 40%

(Sl s o8 st

Corporate Tax Assumptions

Tax Rate 30%
Surcharge 12%
Education Surcharge 3%

“Report on Surya* To Boost Solar Manufacturing in India”
YA




Effective Corporate Rate 34.60%

Tax Holiday 0 years
MAT Rate Assumptions

Tax Rate 19%

Surcharge 12%

Education Cess 3%

Effective MAT Rate 21%
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Raw material $22.3 mn $ (mn)/ GW
silicon powder 57% 12.711
silicon core 33% 7.359
TCS 8% 1.784
Other material 2% 0.446
Capex $157.9 mn

Supporting facilities 7% 11.053
Equipment 84% 132.636
Land 9% 14.211
Utilities $41.9 mn

Steam 9% 3.771
Natural Gas 3% 1.257
Electricity 86% 36.034
Water 2% 0.838

YA



Capex: $157.9 mn Raw material: $22.3 mn Utilities: $41.9 mn

8% 2%

u Silicon Powder steam [ 9%

Supporting 7%
facilities

Natural Gas I 3%

Electricty N ¢5%

Water | 2%

m Silicon core
m TCS 33%

m Other Material
Equipment BE:%E"S

(u Capital Costis the most significant cost element
= OPEX (RM + Utilities) / CAPEX = 25-30%

m Electricity forms significant chunk (~40%) of Total OPEX

Land
! G Major equipment cost is for Fluidized Bed Reactor

Note: Costs are for amulti-GW scale plant scaled to 1 GW; TCS: TriChloroSelane
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Polysilicon to crystalline silicon Ingots
Raw material $69.2 mn $ (mn)/ GW
Crucible 0.92 63.664
Silicon nitride 5% 3.46
Argon 3% 2.076
Capex $52.7 mn
Supporting facilities 19% 10.013
Workshop 17% 8.959
Equipment 52% 27.404
Land 11% 5.797
Utilities $10 mn
Electricity 96% 9.6
Water 4% 0.4




Capex: $52.7 mn

Supporting 19%
facilities

Workshop

Equipment 5209

Land 11%

Raw material: $69.2 mn
5%

3%

m Crucible
m Silicon nitride
= Argon

92%

Utilities: $10 mn

Water I 4%

m For Ingot, the biggest RM cost is Polysilicon (crucible)

® Annual RM cost/ CAPEX =125%

m Electricity mainly used for providing homogenous heating

Note: Costs are for a multi-GW scale plant scaled to 1 GW

o Idgi (gadls > Mg gldal b)giﬁ A-Y SS

Ay Wy gadls Y-Y-0-F

Ingot cutting into Wafers
Raw material $74.3 mn $ (mn)/ GW
Ingot 46% 34.178
Silicon carbide 32% 23.776
Steel wire 12% 8.916
PEG 10% 7.43
Capex $73.2mn
Supporting facilities 14% 10.248
Workshop 12% 8.784
Equipment 65% 47.58
Land 8% 5.856
Utilities $7.6 mn
Electricity 93% 7.068
Water 7% 0.532

A




Capex: $73.2mn

Supporting| L

Raw material: $74.3 mn Utilities: $7.6 mn

10%

facilities W Ingot o
12% H Silicon
Workshop carbide 46%
M Steel wire Water I 7%
m PEG

Equipment
65%

Land 8%

32%

= For Wafer RM (Ingot) forms a significant component of costs
® Annual RM cost/CAPEX = 100%

m Key equipment driving efficiency is the wire cutter that can cut
wafers thinly. Diamond cutters are most advanced.

Note: Costs are for a multi-GW scale plant scaled to 1 GW; PEG: PolyEthylene Glycol
g gl gals ;5 iy 32 3,91, 1) «-Y IS5
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Wafer to Cells
Raw material $238.9 mn $ (mn)/ GW
Wafer 84% 200.676
Front Ag 9% 21.501
Back Ag 3% 7.167
Al Paste 1% 2.389
other 3% 7.167
Capex $165.3 mn
Supporting facilities 3% 4.959
Workshop 9% 14.877
Equipment 87% 143.811
Land 1% 1.653
Utilities $3.9 mn
Electricity 89% 3471
Water 4% 0.156
Sewage 7% 0.273

Y




Capex: $165.3 mn Raw material: $238.9 mn Utilities: $3.9 mn
. 3% 305 1% 3%
S:’laréﬁ?trnt: ¢ T 9% | i Sewage I?%
Workshop m Front Ag
Water I 4%
m Back Ag
m Al Paste

uipment
Fquipment AT

rd
® Major raw material cost is Wafer cost
B Annual RM cost/ CAPEX = 125%

m Major equipment is printer and rear passivation with Aluminum oxide
1% . A

Land

Note: Costs are for a multi-GW scale plant scaled to 1 GW
Jobw adgi (gddls |5 Ly 32 5,915 1Y )-Y IS
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Cell to Modules
Raw material $343.5mn $ (mn)/ GW
Cell 64% 219.84
TPT 6% 20.61
EVA 5% 17.175
Glass 9% 30.915
Ribbon 2% 6.87
AL Frame 9% 30.915
Silicon 3% 10.305
Installation material 1% 3.435
Combiner box 1% 3.435
Capex $53.4 mn
Supporting facilities 3% 1.602
Workshop 28% 14.952
Equipment 65% 34.71
Land 3% 1.602
Utilities $0.94 mn
Electricity 96% 0.9024
Water 4% 0.0376

fy



Capex: $53.4 mn Raw material; $343.5 mn Utilities: $0.94 mn
_ 3% m Cell
Sup|:_x_:rt|ng = TPT —
facilities = EVA X Water | 4%
28%
Workshop m Glass
Ribbon

B AL Frame Electricity - 96%
B Silicon

B |nstallation material
m Combiner box

Equipment okl

= Major raw material cost is Cell cost
= Annual Raw Material (RM) cost/ CAPEX = 700 - 800%

= Utilities primarily consist of electricity and water; may also include natural gas, steam,

and sewage for other value chain elements
3% . J

Land

Note: Costs are for a multi-GW scale plant (min. 3 GW) scaled down to 1 GW; TPT: Tedlar Polyester Tedlar, EVA: Ethylene Vinyl Acetate
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Assumptions Polysilicon Ingot/Wafer PV cells PV modules
Capacity 10,000 TPA 200 MW /yr 200 MW /yr 200 MW /yr
Raw materials Imported Imported Imported Imported/local
O&M costs 1% of Capex 1% of Capex 1% of Capex 1% of Capex
Electricity price 0.055 USD/kWh | 0.085 USD/kWh | 0.085 USD/kWh US(])).(}li\SNh
Interest rate 9.00% 9.00% 9.00% 9.00%
Return on equity 13% 13% 13% 13%
Debt to equity 70:30 70:30 70:30 70:30
Life of plant 25 yrs 25 yrs 15 yrs 15 yrs
Capacity 90% 90% 90% 90%
utilization

' “Feasibility Analysis for c-Si PV Manufacturing in India”
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Category Amount
Manufacturing capacity 2000 MW /yr
Land required 400 acres
O&M costs 1% of capital cost
Energy costs 0.055 USD/kWh
Interest rate 9%
Return on equity 13%

Debt to equity 70:30

Life of plant 15 year
Capacity utilization 90%
Capital cost ~INR 9500 crore

258 A aS ol dusbre caliie (slaadls (ol (Per WP/KQ) slg (sanin wss S5 clsgybe wlwl 5
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Components .

(INR/crore) Polysilicon | Ingot/Wafer PV Cell PV Module
Land & Development 20 13 9 7
EPC costs 2470 260 286 16
Other costs (Pre-op, WC
Margin, IDC) 477 23 29 16
Total project cost 2967 296 324 39

ot Cp i BOM g Joloo sile adol dlge .ol o 418,35 JLas 13 INR 20.94/Wp & g0 4 Jgile (s s
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1%

2%
3%

Cawl

M Raw Material

H Energy

m Labour

mO&M,
Insurance

mS&G,
Overheads,
R&D
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B Polysilicon

H Other material
m Energy

B Labour

M 0&M, Insurance

W S&G, Overheads,
R&D

M Interest Term
Loan

I Interest Working
capital
Depreciation

g [ o (gaila 33 (glbdiy 32 3915 1) F-Y S

B Wafer

3% M Other materials

2% 1%
1% 1% 6%
4%

Jgb galls sgi gaaiy 3 39l 11 O-Y JSWS

N Energy
B Labour
m O&M, Insurance

m S&G, Overheads,
R&D

W Interest Term
Loan

W Interest Working
capital
Depreciation
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H Cell

mBOM

® Other material

B Energy

M Labour

M Other costs
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'.l,'\i Ré Mono- PERC Elements of Fixed Costs
S Module Supply Chain _and Operating Income

$0.40 8013 [y

$0.374 : $0.12 gamings for Equity
Operating [ wners
$0.35 Income(EBIT) $0.11 P
i ~+ Federal, State, and
$0.30 S $0.10 i Local Taxes
3 $0.09 [ Interest on Debt
§'50.25 § $0.08

EV $.G,8A B s0.07 |

$0.20 ® i e A
&+ : "R&D 5 $0.06 -
7] - ~N $0.05 :
s | $0.15 m Depreciation - i " R&D
2 Maintenance $0.04 i
 so.10 . $0.03
™ Electricity ‘ [ WM Depreciation for New

= $0.02 ; Poly, Wafer, Cell, and
$0.05 abor $0.01 L Module Capacity
= Materials r
$0.00 “

$0.00
Urban China Manufacturing
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PERC Cell Conversion Costs

(2018 U.S. Dollars per Wpc)

$0.022

§0.020

$0.018

$0.016

$0.014

$0.012

$0.010

$0.008

$0.006

$0.004

1 $0.0023 $0.0023 $0.0025
_. l ---- L - -~ $0.0013 -~ | -~ s0.0012 --- Y --

$0.002

$0.000

B Equipment

| D Electricity

Fadilities Depreciation
(5- and 20-year SL)

B Front and Back Ag
Pastes and Al BSF

and

== BRemaining Materials for|~
Cell Conversion

Receiving Wet Chemical  POCI3 Diffusion  Edige |solation PECVD of PECVD of Laser contat  Screen PrintAg

Deparimentand Saw Damage in Tube Furnace and AICX layer  Backside SiMx  opening of and Al Pastes
Wafer Testing  Removal and Phosphoslicats and Frontade digke ctric
Surface Glass [PSG) SiNx Anti
Testurizztion Layer Removal Reflection
Coating

Cofire
Pastes

Jlians ;5 S5 PERC gSubens (5w y95 ok (6159 (1ds 3 (saol5 1V A-Y S

4

Inspection and
JA Testing of
Cellz. Package
for Shpping.
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I silica sand I
v
| MG-silicon I
P
MG-silicon purification
+_--_-_-_-_-_-_-_-_-_“-L
| SiCI4 | EG-silicon | |off-gradesilicun [ |SoG-siIic0n ‘ | Silane ‘
| silicon mix for photovoltaics |

CZ-sc-silicon ;

o e |me-Si crystallisation |

N

I waler sawing ] [ silicon ribbons | Amarphous silicon

deposition (a-Si)
'N\_\‘\‘\‘/

| cell production |

electric components I panel- or laminate production | | mounting systems |

| installation 3kWp plants |

v

| operation |

v

electricity
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Carbon/silica weight ratio (C/SiO2) 0.39
quartz 64.63 wt.%, coal 4.08 wt.%, charcoal 12.6

Charge composition wt.%, petroleum coke 11.77 wt.%, and wood chips

6.92 wt.%
Smelting time 80 minutes
Power input 48 kWh
Electrical energy consumption approx. 19 kWh/kg of silicon metal produced
Electrode consumption 0.11 kg/kg of silicon metal produced
Silicon metal purity 97%
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! http://www.oilenergy.ir
2 Ferro silicon
3 Deoxidizing agent
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CHEMICAL GRADE
Silicon 98.50% min
Iron 0.50% max
Calcium 0.07% max
Aluminum 0.20% max
PRIMARY ALUMINUM GRADE

Silicon 98.50% min
Iron 0.35% max
Calcium 0.07% max

SECONDARY ALUMINUM GRADE
Silicon 98.50% min
Iron 1.00% max
Calcium 0.40% max

HIGH PURITY GRADE

Silicon 98.50% min
Iron 0.10% max
Calcium 0.07% max
Aluminum 0.20% max
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! Alloying agent

2 Aluminum casting

3 Al-Si

4 Alloy silicon carbide
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Polysilicon
harvest per | Annual Silicon Model q
Company production | Capacity | precursor Name SR ALz
cycle
24 pair €800.000 -
Centrotherm | 7.9 tons >00 TCS CVD | Germany | £-36mn
SiTec ton/year ($1.1mn -
Reactor
$3.4)
Graeber €1.4 mn -
Engineering 400-500 CVD-R €1.5 mn
Consultants 6 tons ton/year Ues 54 Germany ($1.84mn -
(GEC) $1.97 mn)
GT Advanced > 680 $5.25 mn -
Technologies ~8 tons ton/year Ues SRIEALY | LA $5.75 mn
$2.28 mn -
Morimatsu 4.6/7.6/8.5 150-700 TCS/ SM China $2.6 mn -
tons ton/year Silane
$3.5mn
Poly Plant 7'?3%5%“5 600 tons ] CVDR- | op | $L75mn-
Project (PPP) MTY) per year 600Q $2.75 mn
Poly Plant >5.4tons (> | 500 tons i CVDR- USA $1.5mn -
Project (PPP) 500 MTY) per year 500 $2.5mn
Poly Plant | ~ (2;%%”5 260 tons ] CVDR- | or | $800,000-
Project (PPP) MTY) per year 300 $1.5 mn
upto8-85 | =600 CVD €2.2 mn
URY tons ton/year == 96R1 Italy ($2.9 mn)
Silver
Silicon plated
Products 250 Siemens
Bitterfeld LY ton/year ues type S i
(SPB) CVD
reactor
Schmid Silicon
Technology > 6800 kg > /300 Silane Rl Germany -
(SST) ton/year CVvD
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Polysilicon

harvest per | Annual Silicon Model .
Company production | Capacity | precursor Name SR ALz
cycle
24 pair €800.000 -
Centrotherm 7-9 tons 500 TCS CVD Germany €2.56 mn
SiTec ton/year R ($1.1 mn -
eactor
$3.4 mn)
Graeber €1.4 mn -
Engineering 400-500 CVD-R €1.5 mn
Consultants 6 tons ton/year res 54 Germany ($1.84mn -
(GEC) $1.97 mn)
GT Advanced > 680 $5.25 mn -
Technologies ~8 tons ton/year Ues SDR-600 | USA $5.75 mn
$2.28 mn -
Morimatsu 4.6/7.6/8.5 150-700 TCS/ SM China $2.6 mn -
tons ton/year Silane
$3.5 mn
Poly Plant 7'?3%3%“5 600 tons ] CVDR- | op | $L75mn-
Project (PPP) MTY) per year 600Q $2.75 mn
Poly Plant >5.4tons (> | 500 tons i CVDR- USA $1.5mn -
Project (PPP) 500 MTY) per year 500 $2.5mn
Poly Plant | ~ (2;52&;”5 260 tons ] CVDR- | on | $800,000-
Project (PPP) MTY) per year 300 $1.5 mn
upto8-85 | =600 CVD €22mn
URY tons ton/year == 96R1 Italy ($2.9 mn)
Silver
Silicon plated
Products 250 Siemens
Bitterfeld S ton/year == type CBIET i
(SPB) CVD
reactor
Schmid Silicon
Technology > 6800 kg LY Silane S LS Germany -
(SST) ton/year CVvD
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CZ or MCZ Process

Melting Seeding Rotating and pulling
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s I e | 9 |
Polysilicon inside Single silicon . % .

a quartz crucible crystal being pulled

Polysilicon

Czochralski furnace Seed Chrystal

Monocrystalline silicon
Quartz crucible
Water-cooled chamber
Heat shield

Carbon heater
Graphite crucible
Crucible support

Spill tray

Electrode
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Area of protection Impact category Unit
Resources consumption Total energy Kwh/Wp
Global warming potential g-coy, eq/Kwh
. . Acidification potential -S0y,
Air pollution i I. P . I . g-Soz, eq/kwh
Photochemical oxidation g-Ethylene, eg/Kwh
Ozone layer depletion g-R11, eq/Kwh
Water pollution Eutrophication potential g-Po4, eq/Kwh
Human toxicity Cancer human toxicity potential g-DCB, eq/Kwh
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Material input Output after process
2.0 kg Quartz (Silicon dioxide) 1.0 kg MG-Si
1.35 kg MG-Si 1.0 kg SoG-Si
1.1 kg SoG-Si 1.0 kg multi-Si ingot
1.0 kg multi-Si ingot 46 wafers 156 mm x 156 mm
1.0 kg multi-Si ingot 196 Wp PV Power
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' Nitrogen oxides
¥ Volatile organic compounds

" Non-methane volatile organic compounds (NMVOC)
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Procass Grid emission factor Energy consumption | GHG emissions

(9-CO2, eg/Kwh) (Kwh/Wp) (9-CO2, eq/Kwh)
SoG-So production 811 (China, Jiangsu) 0.67 19.19
Multi-Si ingot growing 811 (China, Jiangsu) 0.0459 1.32
Multi-Si wafer casting 811 (China, Jiangsu) 0.143 4.10
PV-cell manufacturing 564 (Vietnam) 0.204 4.07
PV-module assembly 564 (Vietnam) 0.204 4.07
PV-station integration 131.2 (Nordic mix) 0.23 1.02
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Lifecycle GHG emissions of the studied PV-station

g-Co2, eqrkWh
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Acid Producer (H+ formation in air)

So2 equivalence factor

1kg HCI 0.88 kg eq SO»
1kg HF 1.60 kg eq SO2
1kg NO; 0.7 kg eq SO2
1kg SO; 1.00 kg eq SO-
1kg H2s 1.88 kg eq SO-
1kg NHs 0.93 kg eq SO,

Sy (ygSudas gl dBla ;3 aaS1 63 3,565 i e

Solar grade Silicon SoG-Si

Emissions Emissions in g-SO2, eq/Wp Emissions in g-SOz, eq/Kwh
HCI 3.88x 107 1.30 x 108
HF 2.80 x 103 1.94 x 10°
NO; 0.038 1.29 x 10
SO, 0.070 2.30 x 10°®
HS 5.28 x 103 1.77 x 10*
NHs 0 0
Ol Mg dlls 53 w8163 3,565 Mg wrw
Multi-Si casting (ingot growing)
Emissions Emissions in g-SO2, eq/Wp Emissions in g-SOz, eq/Kwh
HCI 0 0
HF 0 0
NO, 3.6 x 10° 1.2 x 10°®
SO; 10+ 3.42 x 10°®
HaS 0 0
NHs; 0 0
A9 Mg Al )3 AS163 2,565 Mg e
Wafer slicing
Emissions Emissions in g-SO2, eq/Wp Emissions in g-SO2, eq/Kwh
HCI 0 0
HF 0 0
NO 0.063 2.12 x 1073
SO; 9.15x 10° 3.07 x 10°®
H>S 0 0
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Photovoltaic cell manufacturing
Emissions Emissions in g-SO2, eq/Wp Emissions in g-SO2, eq/Kwh
HCI 1.32 x 103 4.42x 10°
HE 4.36% 10 1.46 x 10°®
NO, 2 x 10* 6.6 x 106
SO, 4x 10 1.32 x 10°°
H>S 0 0
NH3 0 0
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Acidification potential per process

Acidification
potentia
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i 00015
0.001
00005
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Ozone depleting Substance

R11 equivalence factor

Halon 1211 3
Halon 1301 10
R12 3
R22 0.055
Carbon tetrachloride 1.1

P29 Mg adls 33 Goil Y S Jolgs woew

Wafer slicing
Ozone depleting Substance Emission in g-R11, eq/Wp Emission in g-R11,
eq/Kwh

Halon 1211 0.013 6.64 x 10

Halon 1301 0.046 1.54 x 1073

R12 0 0

R22 0 0

Carbon tetrachloride 0 0

R11 0 0

Jobes 55 il 53 (93] &Y 0 e Jalye s

Photovoltaic cell manufacturing

Ozone depleting Substance Emission in g-R11, eq/Wp Emission in g-R11, eq/Kwh
Halon 1211 0 0

Halon 1301 3.336x 1010 1.12 x 1010

R12 0 0

R22 0 0

Carbon tetrachloride 0 0

R11 0 0

Jojle wdgi dals )3 g5l Y O pSee Jolgs i

Photovoltaic module manufacturing

Ozone depleting Substance

Emission in g-R11, eq/Wp

Emission in g-R11, eg/Kwh

Halon 1211

7.45% 10°°

2.5 x 1010

I Dichlorodifluoromethane
2 Chlorodifluoromethane
> Trichlorofluoromethane

YA




Halon 1301 5.4x 108 1.8 x107°
R12 0 0
R22 0 0
Carbon tetrachloride 0 0
R11 0 0

g-R11, eq/iWh
£.008
0.007
0.004
0.005
0.004
£.003
0.002

0.0

SoG-5i

Ozone depletion potential

Ozone depletion

potential

ngot Wafer

Pv-module
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Nutrient

PO4 equivalence factor

1kg Nitrogen oxides (NOy, air)

0.13 kg eq PO4

1kg total nitrogen (water)

0.42 kg eq PO4

! Eutrophication
2 nutrients

va


https://en.wikipedia.org/wiki/Eutrophication

1kg phosphorous (water) 3.07 kg eq PO,
1kg chemical O, demand (COD) 0.22 kg eq PO,
1kg NHs 0.35 kg eq PO,
1kg NH** 0.33 kg eq PO4
1kg NO* 0.095 kg eq PO,
1kg NO* 0.13 kg eq PO4

sl ol soan VT )Lisl )5 (Sldggd (slapium (55, 0255 sladils 5| S ja e ) Jolis
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Solar grade Silicon manufacturing
Nutrient Emissions g- PO4, eq/Wp | Emissions g- POs, eg/KWh
Nitrogen oxides (NOy, air) 7.11 x10°® 2.38 x10*
total nitrogen in water 4.90x10* 1.64 x10°
total phosphorous (water) 4.83 x10° 1.62 x10°®
chemical O; demand (COD) 2.49 x10* 8.38 x10°¢
NH; 0 0
NH** 0 0
Multi-Si casting (ingot growing)
Nutrient Emissions g- PO4, eq/Wp | Emissions g- POs, eqg/KWh
Nitrogen oxides (NOx, air) 5.96 x10°3 2.0x10®
total nitrogen in water 0 0
total phosphorous (water) 0 0
chemical O, demand (COD) 0 0
NH3 0 0
NH* 0 0
PO* 1.2x10* 0.4x10°
Wafer Slicing
Nutrient Emissions g- PO4, eq/Wp | Emissions g- POs, eq/KWh
Nitrogen oxides (NOy, air) 0 0
total nitrogen in water 0.0389 1.306 x10°3
total phosphorous (water) 0 0
chemical O, demand (COD) 0 0
NH3 0 0
NH* 0 0
PO* 4.59x10° 1.01 x10*

Photovoltaic Cell manufacturing

Nutrient Emissions g- POas, eq/Wp Emissions g- POs, eqg/KWh
Nitrogen oxides (NO, air) 4.07 x10° 1.306 x106
total nitrogen in water 0 0
total phosphorous (water) 0 0

Ao




chemical O, demand (COD) 0 0
NHs 0 0
NH** 0 0
PO* 2.52x10° 8.44 x10°7

Photovoltaic Cell manufacturing

Nutrient Emissions g- PO4, eq/Wp | Emissions g- POs, eqg/KWh
Nitrogen oxides (NO, air) 8.94x10° 3x10®
total nitrogen in water 0 0
total phosphorous (water) 0 0
chemical O, demand (COD) 0 0
NHs 0 0
NH* 0 0
PO* 1.49x10* 5.10 x10°°
g-PO,, eqg/kWh
0.0003 — :
Eutrophication potential
0.00025
0.0002
0.00015 Eutrophication
potential
0.0001
000005
0
SoiG-5i ngot Wafer P-cell Py-module
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Substance Human Toxicity factors Human Toxicity factors
g-DCB eq (to air) g-DCB eq (water)

Arsenic 2600 640

Cadmium 2800 1.3x104°

Chromium 0.13 3.2x104°

Lead 28 2

Mercury - -

Carbon Monoxide CO; 2.7x101 -

Nitrogen Oxides (NOy) 4.3 1.4x1072

PMyo particulates matter 2.9 -

PM s particulates matter 33 -

11y apled )5l 000 e gladils )3 jSde claody YT e wyp 4 i Joli> )

Solar grade silicon production

Substance Human Toxicity Potential Human Toxicity factors
g-DCB eg/KWh (to air) g-DCB eg/KWh (water)
Arsenic 1.462x10 1.13x10
Cadmium 1.65x10”7 4.08x10°5¢
Chromium 1.92x1010 4.74x107%
Lead 1.81x106 1.29x1077
Mercury = =
Carbon Monoxide CO; 1.02x10* -
Nitrogen Oxides (NOx) 7.9x1073 2.57x10°
PM;, particulates matter 4.23x103 -

Wafer slicing process
Substance Human Toxicity Potential Human Toxicity factors

g-DCB eg/KWh (to air) g-DCB eg/KWh (water)

Arsenic 0

Cadmium - 1.50x106*

Chromium - 1.83x10%!

Lead - 1.16x10°

Mercury - -

Carbon Monoxide CO, 0 0

Nitrogen Oxides (NOy) 0 0

AY




PM; particulates matter 0 0

PM; 5 particulates matter 0 0

Photovoltaic cell production
Substance Human Toxicity Potential Human Toxicity factors
g-DCB eq/KWh (to air) g-DCB eqg/KWh (water)
Arsenic No data No data
Cadmium No data No data
Chromium No data No data
Lead 4.56x10°3 -
Mercury - -
Carbon Monoxide CO, No data -
Nitrogen Oxides (NO) 4.3 1.4x1072
PMyo particulates matter No data -
PM s particulates matter 0.562 -
0.6

= 05 Human toxicity potential Air

"E" 0.4 W 'Aater

a

'23‘_ 0.3

jj 0.2

]

0 04

I:I | —
Soi3-5i ngot Wafer Pi-cell Pv-module

D)1y Blei cadyod Joho g5 bnadls > (65135 130 o oyt (S ol o

AY



S Y-

Ol5tl 33 39290 (Sdliy (slsl 1 il 53 Catlas g Uljo 1YY

o

lje

asls

Sy ik ogMe gl slalil 4 Lo %

dils 4 Cons oS wlisl oloj
OsSshew b

Ol 3 bpe Logr il 353

5 posinagll lic) 03,8 il Sl
(plowss oo

29455 P YL CudS L 5)lsS olee D2 g
2 P393 (5l ke p e 4y LS
O y (gl b oS

95988 ) 3yl 51 oo 5l oolatulse
Sk syl o phicu) Jaase Mg

% 55 Jbo (ygSabaws

Ao ¥ gilulely oyloj s
YL )l alo s o2 & Lo #

wlio sjllel, calia Ll %
2948 3 laspe (o3l

S sl @lio 5l oelie

9955 5 Ol 5l e jloolile
Sl sblib » phedl) Joame Wy

O by

awd b b twdYl sladals den g 4 Lo

988 5

9955 5 Ol 561 Caje jleslitul
Sl gl ) 3l Jaae Mg
L3 &5 ol S Sl
JRVEVES SR TPy

299 9 o

b Sloyiern a5l g (S5desS ol s #
Joko Mg

oligS wilas] oyl s

29453 (B IS dnaags 3

L5 &5 QRIS oS e el
AR5 By (e

Jghs

oligS eilas] oyl s
L5 &5 QRIS oS e el
RN B (oS

pf 4¢J9| d)lfdg.h:)m o>
oligS" slo yus iS5 0900

Joile

A¥




05025 )3 (B0 ddgl dlgo 929 PAS g d92g Cardy (ow)p M YTV

oIl 3 2y

Material Name Domes’glc Producer name
production
BBrs; [toxic] no
PHs pure [toxic] no
N0 [toxic] no
SiH4 [toxic] no
CF4 yes
POCI; [toxic] no
Rena mTex (or other texture
solution) no
Ag yes
Ar yes Shiraz Petrochemical/ Fajr Petrochemical
comp. dry air (CDA) yes novin Petrochemical/Fajr Petrochemical
conductive adhesive for module yes
cooling water (cH20) yes
DI water (D-H-0) yes
He yes Novin Petrochemical
HF (49%) no
KOH (50%) no
H20: (50%) no
H2SO4 (30%) Razi Petrochemical/ Orumiyeh
yes Petrochemical
HNO3 yes Shiraz Petrochemical/ Karoon Petrochemical
HCI (30%) yes Karoon Petrochemical/Shiraz Petchem
N2 (m3) Isfahan Petchem/Mobin Petchem/Fajr
yes Petchem
NH4OH (24.5%) yes
NH3 yes khorasan Petchem/Shiraz Petchem/Razi
Petchem/Pardis Petchem
07 yes novin Petrochemical/Fajr Petrochemical
solar grade glass yes Balon Sanat Co.
5¥£1%\(/'££yﬁgizat\3/i¥;?yl - ,PArak Petrochemical [vinyl acetate]/ Fara
Acetate) olymer Shimi
tabbing
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