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Program of today
PERovskite-on-CIS TANDem PV

12:30 — Welcome & introduction
12:45 — Energy yield modelling

13:00 — Life cycle assessment

13:15 — Techno-economic assessment
13:30 — Industrial perspective

13:45 — Closure
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Program of today
PERovskite-on-CIS TANDem PV

Q&A — Use chat

Moderator Sarallah Hamtaei
e Doctoral researcher

* Topic: CulnSe, development

HTTPS://PERCISTAND.EU/



Why tandem PV?
High efficiency
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Status of tandem PV
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Why perovskite-on-CIS?
CulnSe, (CIS) has 1 eV as bandgap
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[ ] The global solar photovoltaics (PV) industry has entered a new phase. In 2019, it

Thin film + thin film = thin film

rooftops than to purchase from their utility. In large-scale applications, power
generation from PV is competitive with a range of conventional sources in terms
of levelized cost of electricity (LCOE).

The 2018 Bloomberg NEF New Energy Outlook forecasts that wind and solar

PV wlll account for 50% of the world's electricity generating capacity by 2050.
In an emissions-constrained energy economy, high volume, energy efficient, and
environmentally friendly PV manufacturing and production will play a central role.

This emerging cost paradigm will also open up new opportunities for solar deploy-
ment. While established rooftop and utility-scale solar applications will continue
toincrease in size and number, PV will play a vastly Increased role as an Integrated
element In our bulit and mobliity

To meet the needs of this rapidly i efficient,
friendly, reliable, flexible, lightweight, recyclable, and cost efficient technologies
will be required. Copper Indlum galllum selenide (CIGS) thin film PV Is Ideally

. . . . . o] e poslitioned to fulfill this role based on its inherent advantages and ongoing
R&D activities.
* High efficiency, energy vyield and reliability
Unique features of CIGS
« CIGS exhibits high bothin the y and in produc-

* Fully vertically integrated, low-cost production on a e e e e a1y

high performance is considered in conjunction with its other inherent advantages,

CIGS is clearly a PV technology set to dominate fast-emerging PV market
GW Sca |e such as bullding s (BIPV).

- The production costs of CIGS solar modules are highly competitive with other PV
tec ies on a capex basis. Fur and due to the inherent advantages of
thin film solar production, CIGS has ial cost anda
cost-reduction potential on an opex basls - particularly when large-scale

 Utility scale, rooftop and BIPV applications, colored,

«The of CIGS are It has an

° low C02 footprint and is a material suitable for high-value recycling.
a l l e r' l ed a I l d O r fl eXI b I e ro d u Ct S - Visually, CIGS Is far superlor to alternative solar technologles. This s true both in
‘standard’ module form, when its monolithic, all black appearance is most striking,
as well as in colored or patterned modules.

This document will describe these advantages, making clear that CIGS technology
presents a highly attractive business case for investors today, to meet

* Low material consumption, short energy payback e e
times, low carbon footprint

e
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Consortium
10 EU and 2 intercontinental partners

Glass ﬂ(l'l'
ETL &.ew f

vA
@ SOLARONIX

O— 100 umec »
O—__1©0 _ @Empa

Materials Science and Technology

Rear contact m

SOLAR ENERGY

FOOTER

Australian
. - National

=3 University

iiNREL

Transforming ENERGY

/I'

eeeee



Targets
By end of project

Cell Cell .
e Stability

e |EC standards

Module

 Manufacturability
* Scalable to 20x20 cm?

* Cost and environmental footprint
e |SO standards
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Current status

Joint result with the German CAPITANO project

e Perovskite top cell
18.5%

* CI(G)S bottom cell
8.8 %

e 4T tandem cell
27.3%
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Energy vield modelling

Fabrizio Gota
Karlsruhe Institute of Technology
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Advanced Optics and Materials for Next
Generation Photovo\talcs group
‘ * ” Led by Ulrich W. Paetzold

= Berlin
The Research University
In the HelmholtzAssociation
CIGS module perovskite module /I'

ENERGY YIELD MODELLING PERCISTAND:

idential



Why energy vield modelling?




Why energy vield
modellin g? LR

ARC, Glass & ITO
TiO,

Encapsulation

1TO Perovskite
TiO, Spiro-OMeTAD
Perovskite ITO

Spiro-OMeTAD Intermediate
ITO Layer

Zn0:Al Zn0O:Al
i:Zn0 [djle]
Cds Ccds

CIGS CIGS

MoSe, MoSe,
Molybdenum Molybdenum

2T vs. 47
Example: What is the superior architecture for perovskite/CIGS tandem PV?

PCE under STC (%) 25.7 25.3

IT ~
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Why energy yield modelling?

Example: What is the superior architecture for perovskite/CIGS tandem PV?

PCE under STC (%) 25.7 25.3

EY in Phoenix, AZ (kWh - m=2-a?) 553 572

ENERGY YIELD MODELLING
Karlsruher

Institut fur Technologie

idential



Why energy yield modelling?

 Compare different architectures under realistic irradiation conditions

* Optimize layer thickness

* Optimize energy gap of bottom and top absorber layers

e Standard test conditions fail to provide correct advice for the design of architectures for
perovskite-based tandem PV

* |dentify trends in the power output of PV devices under realistic conditions depending
on variations of the device architecture

ENERGY YIELD MODELLING

IT ~
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Energy vield modelling platform

I(A)
Irradiance Energy Yield »

J
A(AQ) SC XMPP
MPP

Optics Electrics
Module Module

Irradiance Module
 Hundreds of location in the USA using TMY3 data set (NREL)

WIT =

Karlsruher Institut fiir Technologie =R GI9 TANShidentia

e Accounting for cloud coverage

ENERGY YIELD MODELLING



Energy vield modelling platform

Optics Module

Irradiance
Module

A(A Q)

I(A)

Energy Yield

“'""" Core Module

Jsc Vurp

Jvrp

Electrics
Module

e Transfer-matrix method (TMM) for thin film layers

e Series expansion of Beer-Lambert for incoherent layers

ENERGY YIELD MODELLING

ST

Karlsruher Institut fur Technologie
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Energy vield modelling platform

Irradiance
Module

A(A Q)

I(A)

Energy Yield »

Jsc Vurp

Jvrp

Electrics
Module

Energy Yield Core Module

* Monofacial and bifacial solar modules

e Possibility to set tilt, rotation and sun tracking

ENERGY YIELD MODELLING

ST

Karlsruher Institut fur Technologie
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Energy vield modelling platform

I(A)
Irradiance Energy Yield »

J
A(AQ) SC XMPP
MPP

Optics Electrics
Module Module

e (Calculates maximum power point (MPP)

Electrics Module

e 2T, 4T and 3T architectures possible

AT =

Karlsruher Institut fur Technologie =~ ' =it 1< L/ torfidentia
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Result highlights




Energy Yield / kWh - m?2-a?

Perovskite/CIGS: perovskite bandgap

600 <
o .0 a
_ _-o- .
) 7 8
X a
Phoenix AZ 2T Phoenix AZ 4T
500
0
CIGS Reference +52%
Phoenix
400 ] |

“adapted from Langenhorst et al., Progress in Photovoltaics 2018

ENERGY YIELD MODELLING

1.8
Bandgap / eV

2.0

CIGS bandgap =1.2 eV

Optimum perovskite bandgap ~ 1.80 -
1.85 eV

With 4T architecture lower losses for
not optimal perovskite bandgap

IT ~
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Perovskite/CIGS

Tropical Temperate
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2T vs. 4T: comparable energy yield for optimal perovskite bandgap!
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Reference layer stack for Percistand

2T tandem
Material Thickness
MgF, 100 nm
Glass 3mm
EVA 0.5mm
1ZO 120 nm
Sn0,/Cq, 20 nm/12 nm
Perovskite 530 nm
SAM/NiO, 1 nm/10 nm
ITO 20 nm
Al-doped Zinc Oxide | 50 nm
Zinc Oxide 75 nm
Cadmium Sulfide 60 Nnm
CIGS (1.13 eV) 2.5 um
Molybdenum 800 nm
Glass 3mm

ENERGY YIELD MODELLING

4T tandem
Material Thickness
MgF, 100 nm
Glass 3mm
ITO 120 nm
NiO,/SAM 10 nm/1 nm
Perovskite 530 nm
Ceo/SNO, 12 nm/20 nm
1ZO 120 nm
EVA 0.5mm
Al-doped Zinc Oxide 500 nm
Zinc Oxide 75 nm
Cadmium Sulfide 60 nm
CIGS (1.13 eV) 2.5 um
Molybdenum 800 nm
Glass 3mm

SKIT

Karlsruher Institut fur Technologie
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Layer resolved absorptance

2T tandem 4T tandem
1 ! 1 T T T
0.8 B CIGS 0.8
8 B perovskite 8
Bl 1ZO top
§ 0.6 ] Molybdenum E 0.6
Q. I Glass o~
§ 0.4 [ C60 _ 204 0 1ZO bottom
< [ Encapsulation g Il Al:ZnO
B MgF2 BN MgF2
0.2 B ITORJ 02 B NiOx
Bl SnO2
0 1 Al:ZnO 0
300 400 500 600 700 800 900 1000 1100 1200 300 400 500 600 700 800 900 1000 1100 1200

Wavelength (nm) Wavelength (nm)

Jsc,total Jsc,reflection Jsc,tcatal Jsc, reflection

37.6 mA/cm? 7.2 mA/cm? 1.7 mA/cm? 37.1 mA/cm? 6.5 mA/cm? 2.9 mA/cm?
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Thickness (nm)

Perovskite thickness and energy gap optimization

1000 610
500 0 2T tandem
590
800 50
700 570 _
=
560 o
600 = Phoenlx, Al
550 <
>
500 540
400 530
520
300
510
200 500
1.56 1.62 1.67 1.72 178 182 18 190 1.
Eg (eV)

IT =
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Thickness (nm)

Thickness and energy gap optimization

\ / AT tandem

900

800
700 000 _
I=
590 <
600 =
>
500 580 ™
400 570
300 560
200
1.56 1.62 167 1.72 178 182 186  1.90

Eg (eV)
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Energy Yield simulations are essential

Layer
stack

* Energy vield module results are input
to Techno-Economic Assessment
(TEA) and Life-Cycle Assessment (LCA)
modules

e The 3 modules allow us to deliver a
final economical and ecological
assessment

Economical and

ecological

assessment
IT =
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Many thanks to...

. Ulrich Paetzold.
.. the Perovskite Taskforce at KIT.
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Thank You for your attention

Contact

Fabrizio Gota

fabrizio.gota@kit.edu

XIT =
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Prospective Lite Cycle
Assessment of Tandem PV- A
Preliminary Analysis

Neethi Rajagopalan
VITO/Energyville
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VITO/Energyville- Research Theme
Sustainable Energy
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Life Cycle Assessment

ISO 14040/44 2006: Framework for life cycle
assessment

PV Panel
(module +
junction box)
Mounting
system

L |
Cabling etc.*
v

Connection to
the grid

Adapted from Rajagopalan et al.

(under review) f Vi to l/

vision on technology PERClSTANR
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Goal & Scope of LCA

Glass Glass

'I’l:UI

o—

ETL

- .
O— o
O— Tco

Buffer layer
' Glass

Full scale manufacturing of perovskite panels in 2050

O_---
TCO

_c

Functional unit = 1 kWh of electricity production

f\llto -

vision on technology PERCISTAND....c

eeeee

PROSPECTIVE LIFE CYCLE ASSESSMENT OF TANDEM PV- A PRELIMINARY ANALYSIS



|dentifying Causal Loop

<—— Key contributor to performance

«—— Key performance indicator for LCA

Ito —

PROSPECTIVE LIFE CYCLE ASSESSMENT OF TANDEM PV- A PRELIMINARY ANALYSIS vision on technology PERCISTAND
idential



Product System Boundary

Full Scale manufacturing in 2050

Material parametrization

Front TCO

e Changes in deposition methods
Sputtering e Layer thickness
* Material properties
$ Chemical bath . ..

Factory & Equipment sizing
e Size scaling

Recombmatlon junction x2 deposition

Wlndow layer

v
Buffei layer _ External factors

Absorbfr layer * Increased recycling of glass
* |ncreased use of renewables in

Rear contact

v Lo SR peEen electricity mix of future
Substrate . . .
* Energy vield modelling in various
Raw materials extraction & - Manufacturing of 1 kWh locations
pro._C‘_g.SSIng 2T/4T perovskite
MK !
End of life « Electricity generation & VItO /I'

PROSPECTIVE LIFE CYCLE ASSESSMENT OF TANDEM PV- A PRELIMINARY ANALYSIS vision on technology PERCISTAND
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L CA Process

eco nvent * Impacts to environment

e SOLARONIX / * |Impacts to human health

e Resource use

G- I

Input Sample Monte Carlo Uncertainty Sensitivity
LCA-ActivityBrowser/ '
activity-browser
[Hl ;<, ial
SGUI for brightway2
Index (11.6)

Background data from Source: Tate 2012

ACt'V'ty data prowded by Ecoinvent database uploaded
manufacturer Solaronix for

_ to LCA tool Brightway-Activity
carbon-based perovskite solar

colls Browser f VItO /I'

PROSPECTIVE LIFE CYCLE ASSESSMENT OF TANDEM PV- A PRELIMINARY ANALYSIS vision on technology PERCISTAND
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Future Research Focus

e Combining LCA and TEA

* Parametrizing panel properties till 2050
* Eg: efficiency, lifetime, degradation rate

 Complete environmental profile of emerging 2T/4T technology

* |dentify potential improvements for emerging technology

#tVItO -

PROSPECTIVE LIFE CYCLE ASSESSMENT OF TANDEM PV- A PRELIMINARY ANALYSIS vision on technology PERCISTAND
idential



Thanks for your attention!

Contact

Neethi Rajagopalan
VITO/Energyville

Neethi.Rajagopalan@vito.be

Questions & Comments?

fé vito >
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Techno-economic assessment of
tandem perovskite/CIGS solar cells

Alessandro Martulli— PhD Student

Environmental Economics - Centre for Environmental Sciences

Faculty of Business Economics, Hasselt University

=
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Who we are

‘‘‘‘
. Sy

* Environmental Economics Research group

e Within the Centre for Environmental
Sciences at Hasselt University (Belgium)

* Research group focuses: e e e} e

UHasselt - Campus
Diepenbeek
¥ Bru::sel s oKeulen

oAken Boonn

e Techno-economic, environmental and social Rl I~ et

assessments of clean technologies

* Monetary valuation of ecosystem services
and nature’s contribution to people

Luik
o

Koblen:

(A1 ] Luxemburg

(126 Gog g'e"{\,fxﬁ\ -

TECHNO-ECONOMIC ASSESSMENT OF TANDEM PEROVSKITE/CIGS SOLAR CELLS
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Techno-economic assessment (TEA)

* Generally, TEA combines process modeling and economic evaluation

GOAL
Analyzing the impact of changes in Technology
technical and economic parameters

on the financial viability

* Answer two questions: Techno- Technology development

1. How does the technology work? oy —
2. |Isthe technology profitable?

Van Dael, M., et al. (2015). Techno-economic Assessment Methodology for Ultrasonic Production
of Biofuels.

—
TECHNO-ECONOMIC ASSESSMENT OF TANDEM PEROVSKITE/CIGS SOLAR CELLS
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Techno-economic assessment (TEA)

 Methodology consists in four steps
1. Market study

2. Process flow diagram/ Mass and Energy Balance
definition

3. Economic analysis (can be expanded to economic-
environmental analysis)

4. Uncertainty analysis

Link mass-energy balance with:

=  Environmental analysis

= Economic analysis

- Key parameters identification

Iterative approach
 As more data become available, accuracy improves

TECHNO-ECONOMIC ASSESSMENT OF TANDEM PEROVSKITE/CIGS SOLAR CELLS

- Steps

3
Economlc Analysns]

Process Flow
iagram / Mass and
Energy Balance

J

Uncertainty

Analysis + _solutions !~

» | PERCISTAND i ___ [D

Environmental
Analysis

PERCISTANR.



TEA Steps - detall

1. Market study

e |dentify market size, trends, competitors, customers, legislation
e  Gatherinput data

2. Process flow diagram (PFD) / Mass and Energy Balance (M&E) definition
 PFD gives overview of main process steps with inputs/outputs
e MA&E balance contains mass and energy data of the process

3. Economic Analysis
 Capital (CAPEX) and operational costs (OPEX) calculations

* Feasibility assessment through relevant indicators (e.g., LCOE for PV applications)

4. Uncertainty Analysis

« Determine parameters with highest impact

TECHNO-ECONOMIC ASSESSMENT OF TANDEM PEROVSKITE/CIGS SOLAR CELLS
PERCISTANDR ¢entia



TEA — Economic feasibility indicators - PV

1.

N

TECHNO-ECONOMIC ASSESSMENT OF TANDEM PEROVSKITE/CIGS SOLAR CELLS

Manufacturing cost (MC—EUR/m2) :
MC: zMi+Ei+0i+Ri
Cost per unit area of:
M;= Material
E; = Equipment

0; = Utilities, Insurance and Labor
R; = Repair and maintenance

Minimum Sustainable Price (MSP — EUR/Wp):

MC + OH + WACC
MSP =
PCE x P,

OH = overheads (14% of MC)

WACC = weighted average cost of capital (15% of MC)

PCE = Module power conversion efficiency

P, = Irradiance power density at standard test conditions (1000 W/m?)

—
PERCISTAN s



TEA — Economic feasibility indicators - PV

3. Levelized cost of electricity (LCOE — EUR/kWHh) :

N Ci

=91 + D)

LCOE = — D)
i—o Ei

* (; =system cost

* [E; =energygenerated in the i-th year
D =discount rate

N =total lifetime of PV system

Energy vield data input:
 Realistic irradiation conditions
 Meteorological data from NREL

o
TECHNO-ECONOMIC ASSESSMENT OF TANDEM PEROVSKITE/CIGS SOLAR CELLS
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PERCISTAND — TEA structure

Bottom-up model construction

4[ Data (Project partners, Literature etc.)

h 4

. Manufacturing process divided in smallest parts and product cost is sum o , the ,

Techr?lcal Data _ I_Econc_:mlc Data
prOdUCtiOﬂ Cycle Of the prOdUCt (kg of materials, kWh, ratios) (prices, investments)
*  Accurate, intuitive, aligns with LCA (environmental impact assessment) l
\ 4
® PFD and M&E balance |il’|ked tOZ ( M&E Balance ] Economic Data
(Input/output flows, Energy consumption) (Prices, Investment costs)
*  Operating scale: throughput = industrial scale production (0.9 m%min) l

Inputs (e.g., kg of material, kWh) = PERCISTAND module size = 20x20 cm?

Economic Calculations
(CAPEX, OPEX, Module cost, Minimum

Manufacturing techniques (e.g., sputtering, coating) ST )

!

LCOE calculations J

e Capex and Opex calculations for different scenarios

Y

)

locations and configurations

Manufacturing cost and Minimum Sustainable Price (MSP) [ }
Energy Yield for selected

e  LCOE calculation

. Energy yield input

TECHNO-ECONOMIC ASSESSMENT OF TANDEM PEROVSKITE/CIGS SOLAR CELLS PERCISTAND
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PERCISTAND — TEA scenarios

Several scenarios have been constructed, corresponding to PERCISTAND technologies:

* Carbon-based perovskite single-junction (Solaronix) — used as benchmark for LCA/TEA
model construction

e CIGS single-junction (preliminary data)
e 2T tandem (preliminary data)
e AT tandem (preliminary data)

Every scenario contains:
Process flow diagram
e Mass and energy balance
o Process step
o Inputs for each step
e  Economic calculations
o CAPEX
o OPEX

e LCOE calculation (so far, only Solaronix case)
o Energy yield calculation for carbon-based perovskite single junction

TECHNO-ECONOMIC ASSESSMENT OF TANDEM PEROVSKITE/CIGS SOLAR CELLS

PERCISTANR
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Next steps — Indicator estimates

* Accurately estimate 2T/4T configuration e o MSP LCOE Source
manufacturing cost (€/ m?) (US$/W) (uss/kw
* Calculate 2T/4T configuration Minimum

Sustainable Price (MSP) (€/ W)

e FEstimate 2'|'/4'|' configu ration LCOE with Perovskite SJ 0.41 49-79 Songetal (2017)
energy vield input data (€/kWh):

Perovskite SJ 0.21-0.25 3.5-49 Cai et al. (2017)

Perovskite SJ 0.17 4.34 Liet al. (2018)
e PERCISTAND target: 5 EUR
cents/kWh Perovskite/Silicon tandem 0.48 5.22 Li et al. (2018)
e Southern Europe conditions
. . . . Perovskite/Perovskite 0.21 4.22 Li et al. (2018
e Compare indicators with alternative PV tandem / o
technologies
8 . . Silicon SJ 0.20-0.30 Solar price index,
* Perovskite/perovskite or pVexchange (2021)
Perovskite/Silicon tandems CIGS S) 0.33 Wang et al. (2021)

* Silicon, perovskite and CIGS single
junction (SJ)

TECHNO-ECONOMIC ASSESSMENT OF TANDEM PEROVSKITE/CIGS SOLAR CELLS

PERCISTANR
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Next steps — Research gaps

* Focus on main techno-economic challenges:

* Upscaling
e Performance (efficiency, lifetime, cost)
* Toxicity

e Address the on-going research questions within the community of PV technology developers

* Define a roadmap towards commercially viable Perovskite/Cl(G)S tandem

o
TECHNO-ECONOMIC ASSESSMENT OF TANDEM PEROVSKITE/CIGS SOLAR CELLS
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Contact

Alessandro Martulli — PhD student

Thank you for your attention
Questions?

Environmental Economics - Centre
for Environmental Sciences
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Perovskite single-junction time evolution.

Since the technology of perovskite solar cell was introduced in 2009, the efficiency has evolved
fast from 3.8% to 25.73% in 2021.
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Perovskite single-junction time evolution.

Since the technology of perovskite solar cell was introduced in 2009, the efficiency has evolved fast
from 3.8% to 25.73% in 2021.

O@ non-scalable deposition methods
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Perovskite single-junction time evolution.

Since the technology of perovskite solar cell was introduced in 2009, the efficiency has evolved fast
from 3.8% to 25.73% in 2021.

O@ non-scalable deposition methods
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Perovskite single-junction time evolution.

Since the technology of perovskite solar cell was introduced in 2009, the efficiency has evolved fast
from 3.8% to 25.73% in 2021.
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Perovskite single-junction time evolution.

Advances at lab-scale followed by scaling-up efforts reveal cell-to-module efficiency gap.

All deposition methods
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Perovskite single-junction time evolution.

Advances at lab-scale followed by scaling-up efforts reveal cell-to-module efficiency gap.
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Perovskite-based tandems time evolution.

Since first reported, tandem efficiencies have reached 29.52% for 2T tandems and 28.7% 4T tandems at
a laboratory scale.
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Perovskite-based tandems time evolution.

Since first reported, tandem efficiencies have reached 29.52% for 2T tandems and 28.7% 4T tandems at
a laboratory scale.
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Perovskite-based tandems time evolution.

Since first reported, tandem efficiencies have reached 29.52% for 2T tandems and 28.7% 4T tandems at
a laboratory scale.

2T and 4T tandems
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Perovskite-based tandems time evolution.

Academia and industry interest on perovskite-based tandem devices is reflected on time

evolution
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Perovskite-based PV scale evolution.

Active area and efficiency time evolution illustrate the challenge of scaling up. Perspective including
the International Technology Roadmap for PV (ITRPV)
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Perovskite-based PV scale evolution.

Active area and efficiency time evolution illustrate the challenge of scaling up. Perspective including
the International Technology Roadmap for PV (ITRPV)
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Perovskite-based PV scale evolution.

Active area and efficiency time evolution illustrate the challenge of scaling up. Perspective including
the International Technology Roadmap for PV (ITRPV)
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Perovskite-based PV scale evolution.

Active area and efficiency time evolution illustrate the challenge of scaling up. Perspective including
the International Technology Roadmap for PV (ITRPV)
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Perovskite-based PV scale evolution.

Active area and efficiency time evolution illustrate the challenge of scaling up. Perspective including
the International Technology Roadmap for PV (ITRPV)
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Research development vs ITRPV mass production predictions .

ITRPV 12t ed., (2021). predicts average stabilized efficiency values for tandem solar cells in mass

production
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Research development vs ITRPV mass production predictions .

ITRPV 12t ed., (2021). predicts average stabilized efficiency values for tandem solar cells in mass
production
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Conclusions

Advances at lab-scale followed by scaling-up efforts reveal cell-to-module efficiency gap.

Since first reported, tandem efficiencies have reached 29.52% for 2T tandems and 28.7% 4T tandems at
a laboratory scale — Although most record efficiencies use non-scalable deposition techniques.

Reports and publications show challenges for scaling up. Should be prioritized.

ITRPV 2021 ed. predicts average stabilized efficiency values for tandem solar cells in mass production

Other considerations

Size and throughput (TPT) should be ideal. Do the deposition methods meet the general TPT
requirements to compete?

Product size requirements in PV (BOS driven) will define minimum size requirement for thin-film
deposition equipment.
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