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EMERGING DIRECTIONS IN CELL AND MODULE DESIGNS

» Solar cell busbar designs
>4 | 5/ 6 traditional solar cell bus bar layouts

» Multiple busbar
» High efficiency solar cells (HJT, PERC) and half-cut-cell modules

» Alternative bonding technologies
»Conductive adhesive solutions
»Low temperature soldering applications

> Lead-free
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DIVERSIFIED PRODUCT PORTFOLIO
AND SERVICE OFFERING

gt

Ingot Solution
for higher purity and yield
in Si melting

Heraeus Solaray-Infrared Lamps
for various drying/
curing processes

Heraeus

Hecaro™
- Electrically conductive adhesive for
interconnection (Shingling, HJT, IBC)

Screens
for high efficiency
fine line printing

-

-’ Si/Crucible
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Cell Optimization Service

Setting sight on further
efficiency gains

Silver Pastes
for PERC, Black-Silicon, Double-Print,
N-type and Knotless™ Screen




HERAEUS CELL INTERCONNECTION MATERIALS Heraeus

SCR™ HECARO™
Selectively coated cell connector Electrically conductive adhesive

For up to 6 BB cells For high-efficiency module concepts (shingling, HJT,
BC)

2 Watt module power gain due to reduced shading 5 W module power gain (shingling) due to better use of
laminated module area and less ohmic losses

Plug & play (no additional process, no additional Reliable production equipment available

equipment)

Proven device reliability Proven device reliability
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Solar Technologles

» Silver coated grooved copper flat wire
» Internal reflection to increase module power output by app. 2%
—> statistically proven!

» Emerging cell/module technologies

» High efficiency solar cells HIT
» Conductive adhesive bonding solution

» Lead-free solution

> Module reliablility proven! \‘“ | High Efficiency Grooved Solar Cell

\\\\\ Tabbing and Interconnect Wire
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MULTI TABBING WIRE MTW

» Concentrically perfect solder coated round wire
» Silver cost reduction = busbar-less solar cells

» Module power increase because of internal light reflection

» Emerging cell/module technologies

» High efficiency solar cells HJT / half-cut-cell

» Multiple busbar design - 10 to 20 wires per solar cell

» Lead-free solution, low temperature

» Module reliability proven!

10 | September 2018

PROPRIETARY AND CONFIDENTIAL

Christian Prischmann

"Ullrich

Solar Technologies

S\
-‘5 s MEYER BURGER
AN

Smart Wire Connection Technology




Thank youl!

Please visit us at booth # 1358
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LONGi Solar

Bifacial PERC
Better LCOE Solution

e | | | | | | Hongbin Fang
B e T e | Director of Product Marketing
- e S | September 26, 2018



PERC

Bifacial PERC

Mono PERC and Bifacial PERC

Electrode

ARC SiNx

N+ emitter

Rear passivation
Rear AIBSF
Electrode

ARC SiNXx

N* emitter

Rear passivation

Al fingers



Product Feature

Performance and cost Application
® Front side efficiency equivalent to conventional PERC e Utility
® Manufacturing cost comparable to conventional PERC ® Commercial rooftop and carport

® Bifacial light harvesting, 8%-25% power gain from rear side



Optimize System Design to
Improve Bifacial Energy Yield



Main Parameters to consider:

Inverter DC/AC ratio

Albedo 7

Clearance/height /'

Racking No backside shading
| Row spacing (GCR) /'(\I )
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System Design with Bifacial Module
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Backside Energy Yield: Albedo

Bifacial gain improves with increasing ground Albedo

Surface type Albedo
Green field (grass) 23%
Concrete 16%
White-painted concrete 60%—-80%
White gravel 2%
White roofing metal 56%
Light-gray roofing membrane | 62%
White roofing membrane >80%

Bifacial Gain

Albedo Factor

10.0%4

bifacial gain
: almost linear
: with ground albedo

0 0.2 04 0.6 08 1
Albedo Factor




Backside Energy Yield: Albedo and Height

Bifacial module backside energy
yield improves with increasing
Albedo (background reflectivity).
Selecting site with more reflective
background can improve overall
system energy yield

Increasing module height
improves backside energy yield,
as well as backside irradiance
uniformity

Module height (clearance from
ground) of 1m and above is
recommended

=== Ground Albedo=30% Ground Albedo=50%  ==#==Ground Albedo=80%
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Irradiance at backside - Clearance 8 cm Irradiance at backside - Clearance 108 cm



Bifacial PERC Module
Field Monitoring Data

== Daily energy yield (kWh/kW) e==Energy yield gain
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Multi Bifacial/TPO/1m Bifacial/TPO/1.5m Bifacial/TPO/2m

Data from Taizhou test site (N32.5°/ E119.9°)

® Bifacial PERC Capacity 2.8kw, multi capacity 2.7kw, project located in Taizhou test site (N32.5°/ E119.9°), China
® Fixed tilt configuration

® \With same background condition, increasing backside energy yield with increasing racking height



Bifacial PERC Module
Field Monitoring Data

mmm Bifacial PERC = Std Mono —eo— Gain (%)
[ ]
14 ° 14%
A A SV, °
VA /\ ot o M VA % o
° o / \.-. /" [ No? 0
12 %o oo . o® d \/ 12%
.,.’
10 J N / \ < ./ 10%
( 1o

8%

6%
4%
2%
0%

NS

Energy yield (kWh/Wp)

8 .r'.
6
| " | | Ill | | |

\&@.@@\fo\&\\&n}@(o@\& IS

Q> Q>
SRS ® @ S
N P O I A SO AR A A MR N \@ o @ & @“‘ S E LS

® Bifacial PERC Capacity 18.9kw, std. mono capacity 18.25kw, project located in Pucheng, Shaanxi (N34.97°/E109.59°), China
® Fixed tilt configuration (15 degree), distance to ground 1.6m
® Three month monitoring data showed 11.27% energy yield from backside



Bifacial PERC Module
Field Monitoring Data

Kubugi Bifacial Field Data
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mmm Multi/Fixed tilt mmm Multi/Tracker mmm Bifacial/Tracker
Bifacial/Tracker gain Bifacial gain

Tracker gain

@ Bifacial PERC project (336kw on single axis tracker) in Kubuchi, Inner Mongolia (N45.36°/E118.36°), China
® 1Yr energy yield by Bifacial module + tracker is 26.7% higher than Multi module/fixed tilt and 15.9% higher than Multi/tracker



PERC Efficiency Improvement Potential
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1%, CPVT" Z Fraunhofer
E
2017.10 2017.11 2017.12 2018.01 2018.04

Cell Efficiency Cell Efficiency Module Power
23.60% 23.68% 360.3W
Dec. 2017 Dec. 2017 (Half-cut) Apr. 2018
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PERC Cell Bifacial PERC Cell PERC Module



Technology Strength

Through Consistent R&D Investment

$379 M

2012-2017 accumulated

R&D spending
5'7%(of revenue)

260 patents awarded

460 staff member

6.80% 6.90%
® o

4.90/ \5% 4.9(/
® 176

6.77%
J

R&D investment per year 86.6
” 39.1 46
129 . .
== W
2012 2013 2014 2015 2016

mm R&D ($M) —*—% of revenue

2017

8%

7%

6%

5%



H Largest Mono Wafer and Module Manufacturer

Global market share by LONGi

35% 16%

~ -

Mono Mono
Wafer Module
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Emerging directions in
cell and module designs
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- Panel I: Emerging directions in cell and module
designs

Tristan Erion-Lorico Hongbin Fang Ilka Luck Christian Prischmann
Head of PV Module Business, Director of Product Marketing Global Head, New Product Director of Technology
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Fireside chat with Tristan
Erion-Lorico, DNV GL
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Characterization (IV,EL)

Light Soaking >40 kWh/m?

Characterization (IV,EL, LLF, VWL)

. . Potential . Field Light
?eTmal I?_lamtp Ultlrjav;;alet DLz::?;m Induced PQTAT\:':Q Exposure & Induced
yeling == g g Degradation Performance | Degradation
KWh/m?2 cycles +/- 85C (including exposure [|soaking > 10
e GE! 85RH IAM) 1 year kWh/m?
/ 4 = Al 96h
IV, EL, VWL
DNV GL S 20 18 - IV, EL, VWL IV, EL, VWL,
= gnm - TC 200 DH 1000h IV, EL, VWL IRTquarterly
Product Qualification Program St —
IV,EL, VWL | All but IRT : _ L Allatend |soaking > 10
Test Sequences 85 C Wh/rm?
Allbut IRT § v, EL, VWL 85RH

TC 200 96h

HF 10

IV, EL, VWL All but IRT

IV, EL, VWL

TC 200

HF 10
All but IRT

Measurements key:

IV: IV Flash @STi Test leg key:

o TC: thermal cycling
ence @lsc| | py: damp heat
DML: dynamic
mechanical load
HF: humidity freeze
PID: potential induced
degradation

IV, EL, VWL

ual, wet leakage

HF 10
[AM: '|_nc'|dence angle
modifier

IRT: IR ternp measurement

All but IRT

DNV GL © 2018
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Grid integration of
high levels of renewable energy
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I Panel I1: Grid integration of high levels of renewable
energy

Marc Perez Michael O’Boyle Mahesh Morjaria
Senior Researcher Clean Electricity Policy Manager
Power Research Energy Innovation .
NN
First Solar.
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Grid integration of high levels of renewable energy
Supply-Side Interventions

Marc Perez
Clean Power Research

This study is based upon work supported by:

National Science Foundation GRF Grant No. DGE 1144155
DoE Sunshot Grant No. DE-EE0007669

Columbia University Center for Life Cycle Analysis

Clean Power Research

Powered by

SunShot

U.S. Department of Energy




kWh/m?2

100 120 140 160 180 200

80

Jan

What is required to achieve high penetration Renewables?

Variability on multiple timescales needs to be addressed.

Deterministic seasonal variability
Mar May Jul Sep Nov

A

NETg

1 year, monthly interval

\4



What is required to achieve high penetration Renewables?

Corresponding Supply/Demand Imbalances must be corrected

Resiliency

Connection to Grid




15000

10000

5000 MWh

Sample results from MN Solar Pathways Study using CPR Integration model

Hourly Production Target (zoom)

0.3 0.4 0.5

LCOE ($/kWh)

0.2

0.1

0.0

Jun 30 Jul 02 Jul 04 Jul 06 1x 1.2x 1.7x 2.5x 5x 100x

date Oversizing factor
Optimal Wind/PV + Storage Meetirg ourly Load in MN, 5% met by gas Utility-scale-led,
High Technologic=B€velopment in 2050, WACC of 3%




Grid integration of high levels of renewable energy
Supply-Side Interventions

Marc Perez
Clean Power Research

This study is based upon work supported by:

National Science Foundation GRF Grant No. DGE 1144155
DoE Sunshot Grant No. DE-EE0007669

Columbia University Center for Life Cycle Analysis

Clean Power Research

Powered by

SunShot

U.S. Department of Energy




FLEXIBILITY:

SOLUTIONS TO INTEGRATE
VARIABLE RENEWABLES

"~ MIKE O'BOYLE

~ FUTURE PV ROUNDTABLE
SEPTEMBER 26, 2018
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FLEXIBILITY INCLUDES A SUITE OF OPTIONS

Flexibility Resource Supply Curve

High Cost

Increasing Need for Grid Hexibility

Graphic adapted from: Paul Denholm et al., “The Role of Energy Storage with Renewable Electricity Generation” (NREL, January 2010).



IMPROVED OPERATIONS

o Expa nd the Energy Flexibility Resource Supply Curve
Imbalance Market

= Additional regions
= Additional products

High Cost

=  Flexible imports

= RE providing reliability
services

Increasing Need for Grid Flexibility

Graphic adapted from: Paul Denholm et al., “The Role of Energy Storage with
Renewable Electricity Generation” (NREL, January 2010).




DEMAND RESPONSE

Two kinds of demand
response:

= Dispatchable

=  Price-responsive

Potential for 6 GW in CA
by 2025 (CPUC April
2016)

High Cost

Low Cost

Flexibility Resource Supply Curve

Increasing Need for Grid Flexibility

Graphic adapted from: Paul Denholm et al., “The Role of Energy Storage with
Renewable Electricity Generation” (NREL, January 2010).



GRID INFRASTRUCTURE

Tra NSMm iSS | on ena bleS Flexibility Resource Supply Curve
regional optimization
(e.g. EIM, market
expansion) & geographic
diversity

High Cost

Low Cost

Increasing Need for Grid Flexibility

Graphic adapted from: Paul Denholm et al., “The Role of Energy Storage with
Renewable Electricity Generation” (NREL, January 2010).




GEOGRAPHIC DIVERSITY

November-January February-April

Managing predictable
variations:

Capacity Factor
Capacity Factor

« Linking negatively
correlated renewable
energy reduces need for
more expensive sources
of flexibility, e.g. natural
gas & storage

12
hour

May-July

Source: J. Naughton, Wind Diversity Enhancement
of Wyoming, California Wind Energy Projects: Phase
2, Univ. of Wyoming, Wind Energy Research
Center, July 2015

Capacity Factor
Capacity Factor




Grid-Flexible Solar:
Enabling Clean
Energy Grid of

the Future

Mahesh Morjaria, Ph.D.
VP PV Systems

SPI Conference
Sept 26, 2018

. ‘ LEADING THE WORLD'S
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Tale of Two Days in Life of Solar ... (in New England)
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How solar power saved $6.7 millionon a The duck curve comes to New England

—

= Tuesday R N |
“«  Saves 14% Electricity Cost Over a Week ~* Electricity price -$2.65/MWh at 3 PM.

MAY 8, Z018 CHEISTIAN ROSELTTND
SEPTEMBER 4, 2018 JOHN WEAVER

-

July 3, 2018 o April 21, 2018
20000 Peak without Peak with ~13GW ’_,"'—_-“‘-.‘
25,000 ~25GW i \ / Solar - .
= 20.000 . r
> = b} ;nr
;g/ 1 5,000 i 11,000
B 10.000 Solar 7% of = \—/ Solar ~1/3 of _
peak demand 10,000 E
5.000 g

Goal: Integrate higher levels of solar... to increase system value
... While dealing with intermittency challenges on the grid ...power system flexibility is critical

Sources: “How solar power saved $6.7 million on a Tuesday”, by John Weaver, Sept 4, 2018, PV Magazine, https://pv-magazine-usa.com/2018/09/04/how-
solar-power-saved-6-7-million-on-a-tuesday/; “The duck curve comes to New England”, by Christian Roselund, May 8,2018, PV Magazine, https://pv-magazine- 45
usa.com/2018/05/08/the-duck-curve-comes-to-new-england/

o
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“Grid Flexible” Solar Reduces Curtailment - An lllustration

4,500 -

4,000 -

—

Generation (MW
NN
(=] 93} (=]
[=] (=] [=]
o o o

3,500 -

Non-Dispatchable Solar 4500 -
Solar 4,000 -
Curtailment § 3,500 -
=
= 3,000
o
Non- = 2,500
Dispatchable b
Solar 5 2,000
(L)
1,500
1,000 -
Thermal
Generation 500 o
4 AM 8 AM 12 PM 4 PM 8PM 12 AM

reduces solar curtailment

midday thermal generation

Grid Flexible Solar

Solar
Curtailment

Dispatchable
Solar

<

4 AM 8 AM 12PM 4PM

Thermal
Generation

8PM

Dispatchable (Grid Flexible) solar contributes to regulation & balancing requirements, and

Needs less thermal generation for regulation & balancing, which in turn results in lowered

2018 © Copyright First Solar, Inc.
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POWER (MW)

AGC (Automated Generation Control) Tests - 300 MW Utility-Scale PV Plant
. MORNNG |

230

220

210

200

190

180

170

Available MW

Min allowed MW e Commanded MW

Measured MW

¥ Available MW
Commanded MW

30MW Headroom Measured MW

Minimum
Allowed MW

Regulation accuracy by PV 1000 1200 1400
Plant is about 24-30% points
better than fast gas turbines

100%
90%

80%
70%

63%-

60%

50%
40%
30%
20%

10%
0%

40%

Steam Pump Hydro CombinedLimited Gas Sglar PV Solar PV Solar PV
Turbine Turbine Cycle Energy Turbine (Middle of (Sunset) (Sunrise
Storage the Day)

Blue bars taken from the ISO’s informational submittal to FERC on the performance of
resources providing regulation services between January 1, 2015 and March 31, 2016

30MW headroom

4-sec AGC signal provided to Plant
Controller

Tests were conducted for

— Sunrise
— Middle of the day
— Sunset

Source: http://www.caiso.com/Documents/TestsShowRenewablePlantsCanBalanceLow-CarbonGrid.pdf

2018 © Copyright First Solar, Inc.
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http://www.caiso.com/Documents/TestsShowRenewablePlantsCanBalanceLow-CarbonGrid.pdfSource
http://www.caiso.com/Documents/TestsShowRenewablePlantsCanBalanceLow-CarbonGrid.pdfSource

Better Integration And Scale Through Flexibility

Solar Energy Grid Flexible Solar

Adds Grid Reliability Services

e Solar is part of mid-day load
offsets peak or near-peak
demand

* Energy-Only Value

+*

Load jﬁ*“

T R

Net Load
= Load-Solar

& Flexibility Value

Targeted
Curtailment

~u

-----

P

t \
-_/\
Load o
~  Solar

Improved
Net Load

» Storage (hours, not days) time-

shifts solar - fully dispatchable

* Adds

Value

Net Load =Load-Solar-Storage

Flexible & Dispatchable Solar ... Key to Market Expansion & Value Retention

48



Key Messages - Grid Flexibility from Utility-Scale PV Plants

* Higher penetration of VRE (Variable Renewable
Energy) need Increased System Flexibility to manage
In variability and uncertainty on the grid and VRE
curtailment

 Utility-scale PV Plants Can Provide Grid Flexibility &
Essential Reliability Services

* “VREs with the right operating characteristics are
necessary to decarbonize the grid” ... CAISO

Source: Using Renewables to Operate A Low-Carbon Grid, CAISO, NREL, First Solar Report.
http://www.caiso.com/Documents/TestsShowRenewablePlantsCanBalanceLow-CarbonGrid.pdf

2018 © Copyright First Solar, Inc.
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