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& inverters: examining how inverters can supply
essential grid services such as frequency & voltage
regulation, as the grid moves from large spinning
masses to electronic controls, as well as how solar
& storage behind the meter can serve as flexible
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The role of inverters in managing the underlying
distributed energy resources and grid interaction
and support, including virtual power plants
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SolarEdge in Numbers Q2 2019 .

of our systems
shipped worldwide

Over 1.1 M monitored systems around the
world

1.7M $

inverters shipped Q2 2019 revenue

. “‘i 2,078 employees
303 awarded patents and 240

by additional patent applications

8 7 | solar e
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One-Stop-Shop for Smart Energy Solutions

Smart Modules

Batteries, UPS, and EV Powertrains

Residential and
Commercial PV Inverters

EV Charging

£ D

Monitoring Platform and Grid Services

S
LT
Smart Energy Management

. .‘
e
= |
o) .

0000
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Renewable Penetration

¥ Each year, more electricity is generated from renewable energy than in the previous year.
¥ Solar PV has exceeded 20% of the renewable share

Global Power Generating Capacity, by Source, 2008-2018

Gigawatts M Non-renewables

8,000

£000
6,000
5,000
4,000
3,000
2,000

1,000

11

B Hydropower 73 8%
-

Wind power, solar PV, Non-renewable
bio-power, geothermal, electricity
CSP and ocean power

15.8%

Hydropower

2008 2009 2010 20m 2012 2013 2014 2015 2016 207 2018

5.5%

Estimated Renewable Energy Share of Global Electricity Production, End-2018

Wind power

2.4%

Solar PV

2.2%

Bio-power

Source: https:.//www.ren2 1.net/gsr-2019/chapters/chapter 01/chapter 01/#target 192

0.4%

Geothermal, CSP
and ocean power
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https://www.ren21.net/gsr-2019/chapters/chapter_01/chapter_01/#target_192

Electrification of Transportation

¥ Approximately 18M EVs and hybrids will be on U.S. roads by 2030

¥ 900% increase from 2020
Leading to 53 GW of increased energy demand for charging, up from only 6 GW in 2020

¥ Potentially causing EV charging peaks that could surpass total capacity

Electricity Demand for 100% EV Scenario

Charging Energy Demand for EVs in
(High Peak Charging scenario)

EV Adoption Rate in U.S.

uU.s.
Bl EBattery electric vehicle 53
B Plug in hybrid California
electric vehicle B Electricity needed for EVs
B Existing demand in CA*
9 = =< | Total CA Capacity (2018, est.)
= c} 23 c} '
United
States
2 ||||Ii|||| :
e O
—
2020 2025 2030 0 4 8 12 16 20 24

2020 2030

solar e

12 Source: McKinsey, Citylab


https://www.mckinsey.com/industries/automotive-and-assembly/our-insights/charging-ahead-electric-vehicle-infrastructure-demand
https://www.citylab.com/transportation/2018/12/americas-power-grid-isnt-ready-electric-cars/577507/

Extreme Weather

¥ A variety of extreme weather is occurring at increasing frequency, intensity, and duration

¥ Severe weather is among the leading causes of large-scale power outages in the U.S.

Billion-dollar weather disasters in the U.S. in 2018 Extreme Weather Is Causing More Major Power Outages
(major = at least 50,000 customers affected)

Winter storm storms and severe weather
ot 150 Bl cold weather and ice storms
Hail storm M hurricanes and tropical storms
e 04 SWWMZT:"W ‘ tornades
A = 4 Winter storm Sy Severe weather o
‘ . Jonuary3-5 o B4 May 13-15 120 extreme heat and wildfires

Western wildfires ) jdx oY "
Summer-fall o pe’s S
o
o |

Tornadoes o %0
Southern plains drought March 18-21 Hurricane o
Ao ‘ Florence T
&; Tornadoes September £

cos April1316 1316 E 60

Hail storm
June 610
Hurricane 30
Michael
October
e AN &
Source: NOAA 1984 1988 1992 1995 2000 2004 2008 2012

13 Source: Vox, Qur Energy Policy SO Ia r‘l 'g L] | L] | -


https://www.vox.com/2018/12/27/18150160/natural-disasters-2018-hurricanes-wildfires-heat-climate-change-cost-deaths
https://www.ourenergypolicy.org/wp-content/uploads/2014/04/climate-central.pdf

Aging Infrastructure and Network

¥ Parts of the energy network are >100 years old, 70% of transmission lines and power transformers

are >25 years old

¥ Average power plant age is >30 years; plants built during the rapid expansion of power sector

after WW2 are >40 years old

¥ Traditional generators are being retired, effecting an increasing amount of capacity

Location and Depreciated Status of all U.S. Power Plants

> SN O
€ arge Plant
,%f,‘)v,,
3 o Small Plant
of ?0
g‘:' \ Jg QS More Depreciated
e
Q?y. g 99
s, “ %
L PR (Y 4

Joshua Rhodes, PhD.
The University of Texas at Austn
Energy Insttute

Less Depreciated

14 Source: Grid Resiliency Report from the White House Report, Energy.gov, The Conversation, US Energy Information Administration

U.S. Utility-Scale Electric Generating Capacity Retirements

(2008-2020, GW)
25 reported
planned

retirements
20 .

===
--
10 —
| ]
Hlll I nl
a1 1 -

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

w

other

nuclear
I petroleum
B coal

natural gas
combined cycle
combustion turbine
B steam turbine
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https://www.energy.gov/sites/prod/files/2013/08/f2/Grid%20Resiliency%20Report_FINAL.pdf
https://www.energy.gov/articles/infographic-understanding-grid
http://theconversation.com/the-old-dirty-creaky-us-electric-grid-would-cost-5-trillion-to-replace-where-should-infrastructure-spending-go-68290

Cyber Security

¥ Energy sector is one of the larger targets for cyber attacks FY 2015 Incidents by Sector (295 total)
. . . . . Critical Manufacturing, 97
¥ Objective to cause equipment malfunction or failure, Communications. 13
physical equipment damage, power disruptions, or Commercia Faclties
blaCkOUtS Unknown, 27

¥ US. Example: Water, 25
¥ March 5, 2019

Transportation systems, 23

¥ Utility reported a ‘cyber event’ to the DOE

Information Technology, 6

¥ Blind spots caused by denial-of-service attack at a grid Healthcare and
control center and several small power generation sites in Public Health 14
Ca“fomia, Utah, and Wyom|ng Government Facilities, 18

. Food and Agriculture, 2

¥ May not have been a full attack, but demonstrates grid Financial, 2
vulnerabilities (i.e. in firewall interfaces) Materole and viage 3
Energy, 46

Defence Industrial Base, 2

Dams, 6

15 Source: Energy.gov, E&E News, NPR SO Ia r‘l 'g L] |l | -



https://www.energy.gov/sites/prod/files/2017/01/f34/Cyber%20Threat%20and%20Vulnerability%20Analysis%20of%20the%20U.S.%20Electric%20Sector.pdf
https://www.eenews.net/stories/1061111289
https://www.npr.org/2019/05/04/720221912/cyber-disruption-affected-parts-of-u-s-energy-grid

Fluctuating Energy Prices

¥ General trend of increasing annual energy prices
¥ Seasonal fluctuations with peaks in summer months

¥ Variation by customer type

Annual Growth in Residential Electricity Prices U.S. Monthly Residential Electricity Price

6% 20 residential commercial

. Forecast 12 89¢ 10 66¢
1% ! WRE per kWh per kWh
3.2% ! 3 .
2% E 310 . industrial transportation
| ~ History
111% | 0.7% 5 6 93 9 77
| S| mepees Forecast . .
0% ! 5 per kWh per kWh
-0.8% l
2% . . 0 . . .
2013 2014 2015 2016 2017 2018 2019 2020 2013 2014 2015 2016 2017 2018 2019 2020

16 Source: EIA Short-Term Energy Outlook, EIA website SO Ia r‘l 'g L] |l | -



https://www.eia.gov/outlooks/steo/pdf/steo_full.pdf
https://www.eia.gov/energyexplained/electricity/prices-and-factors-affecting-prices.php

Opportunities
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Overcoming Challenges

¥ Some of the problems can be used as part of the solution

¥ Combining renewables, smart EV charging, and batteries can make the energy market more stable
and cope with grid instability

Net Electricity Load (PV + EV) N Net Electricity Load with Smart EV Charging
é‘\‘jd't'onal (with Energy Storage)
: Battery Discharge
in Evening

Battery Discharge
in Morning

Solar
Production

Solar
Production

Flattened

Demand

18 Source: Utrecht University: Analysis of the impact of controlled charging and vehicle to grid on growth of electric vehicle and photovoltaic systems: a case study in SO |El l‘m
Amsterdam



Value Stacking

¥ Batteries can provide up Customer
to 13 services for 3 Services
different stakeholders

ISO/RTO Services

Backup Power Energy Arbitrage

Spin/
Non
Spin

Reser‘//

Frequency
Regulation

Increased
PV Self-
Consumptio

Centralized
\ 4

Service Not

B Transmission

Demand
Charge

Reductio Service Not M M 1
4 B Distribution

Possible

Voltage
Support

Behind the Meter

—
Distributed

Black start

Resource

Distributio
n Adequacy
eferral
Transmission

Transmission

Deferral .
Congestion
Relief

Utility Services

19 Source: Rocky Mountain Institute



https://rmi.org/insight/economics-battery-energy-storage/

C&I Opportunity

C&I may offer greater potential than residential for grid services

¥ Each site has a larger impact on the grid, but
still distributed generation

¥ Consume more energy

I Produce more energy with larger roof space

¥ Larger variety of DERs that can be leveraged

¥ Specifically assist with duck curve ramp up - i.e.
battery discharge in the evening

¥ Reduced acquisition costs per MW for grid
services participation

¥ More value stacking opportunity

¥ Reduced communication costs per MW

20



Stacked Value Energy Management

Improving the economics of distributed energy resources

Demand Maximized Self- Tariff Grid Services Microgrid
management Consumption Optimization

(peak shaving) ‘ (ToU)

b Site-level and aggregated

Commercial solaPII- -[:'['o 0
StorEdge
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Technology Requirements

Wy W W W

iy

23

Smarter inverters: Fast communication/connectivity with high bandwidth, processing power,
memory, interoperable

Metering: Import/export, self-consumption, and grid sensing
Predictive analytics, machine learning, and big data
External interfaces: Pricing signal, weather information, etc.

Batteries: Built to support high C rate, high energy throughput with unpredictable charging
patterns, etc.

Underlying DERs: Fast, accurate, fail safe, certified, interconnected (loT), interoperable

EV charging: Understanding usage patterns and interface with the driver to optimize charging
times for driving needs in coordination with network needs

solar e



Cautionary Note Regarding Market Data & Industry Forecasts

This power point presentation contains market data and industry forecasts from certain third-
party sources. This information is based on industry surveys and the preparer's expertise in the
industry and there can be no assurance that any such market data is accurate or that any such
industry forecasts will be achieved. Although we have not independently verified the accuracy of
such market data and industry forecasts, we believe that the market data is reliable and that the
industry forecasts are reasonable.

Version #:V.1.0

Thank You!

Booth 1601
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Panel
discussion

Meeting grid needs with solar & inverters:
examining how inverters can supply essential
grid services such as frequency & voltage
regulation, as the grid moves from large
spinning masses to electronic controls, as well
as how solar & storage behind the meter can
serve as flexible demand
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Combining PV, Storage and EV as a Grid Solution

¥ EV charging causes even faster evening ramp up

¥ Smart charging and storage solutions can help to balance the effects of PV and EV penetration

Net Electricity Load (PV + EV) N Net Electricity Load with Smart EV Charging
é‘\‘jd't'onal (with Energy Storage)
: Battery Discharge
in Evening

Battery Discharge
in Morning

Solar
Production

Solar
Production

Flattened

Demand

27 Source: Utrecht University: Analysis of the impact of controlled charging and vehicle to grid on growth of electric vehicle and photovoltaic systems: a case study in SO |El l‘m
Amsterdam



Expanding Role of the Inverter

¥ Inverter manages multiple types of DERs

¥ Storage

¥ EV charging

I Self-consumption
¥ Home energy

¥ Manages and regulates smart grid

I Takes aggregated commands and
disaggregate them to underlying
DERs

28
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P N 1
PV Solar Supports Grid Reliability & Stability
SRR

Features Required by NERC to be a Voltage Support Power Control
2012 Special Assessment = GOOd Grid Citizen:

Interconnection Requirements for
Variable Generation

——" = Voltage regulation

= Active power control
(ramping- Curta“ment) Ride Through Frequency Droop

=  Grid disturbance ride
through (voltage and
frequency excursions)

= Primary Frequency droop
response

= Short circuit duty control Base Capability

© Copyright First Solar, Inc.

Sources: (1) NERC: 2012 Special Assessment Interconnection Requirements for Variable Generation
(2) M. Morjaria, D. Anichkov, V. Chadliev, and S. Soni. “A Grid-Friendly Plant.” IEEE Power and Energy

Magazine May/June (2014)
30




' < M e 1

R
NERC: Essential reliability services
* Frequency Control
* Ramping capability or flexible capacity

Power Regulation . AgC

Up-Regulation
* Down-Regulation

* Frequency
Regulation

Flexibility

Grid Reliability Services

220 p—— - - e —: Ld
- o = .

-210 - o a» @ —f - o= - Commanded Available MW
E g7 Power (4 s)
>
=00 -
g Measured
=190
)

300 MW PV Plant

180
Regulation is ~27 %points , o
170 10 1 more accurate than best — 20 http://www.caiso.com/Documents/TestsShowR

enewablePlantsCanBalancelLow-

min  TI| conventional generation min CarbonGrid.pdf,

AGC: Automated Generator Control

2019 © Copyright First Solar, Inc.

w
=


http://www.caiso.com/Documents/TestsShowRenewablePlantsCanBalanceLow-CarbonGrid.pdfSource
http://www.caiso.com/Documents/TestsShowRenewablePlantsCanBalanceLow-CarbonGrid.pdfSource

' B o
oo -

Firm Dispétdhable Sblarwith Storage
T

Storage enhances Grid Firm Dispatchable Solar
. FIeX|b|e Solar to: Firming Energy Shifting

= Firm and/or shift
e\

solar energy delivery
= to the grid

m Meet resource Resource Adequacy Black Start
adequacy

requirements

= Potentially provide
black start “irm capaciy and enhanced grid
capabilities

services

Grid Capabilities Enhanced w Storage
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DC-coupled PV + Storage Hybrid Resources

Hybridizing changes plant design cipoedenry
* Leads to dramatic internal design oeAC System recovred using a
changes and higher effective AC et ‘ DC-coupled battery
renewable capacity factors PE—
* Variability is reduced by pushing qusdh;cg!EEEor
much of it into clipped region and “system

controlling battery charge rate AT

* Many options to optimize layout, PEIAC system
orientation, bifacial PV panels,

etc. 0 2 4 6 810121416 182022
* Optimized use of interconnection Hour of Day

-.Oz

Charting the Future of Energy Systems Integration and Operations E S I G

Energy Systems Integration Group



Important Example: Frequency Response to an Event

Disturbance
(e.g., loss of a large

: : Arresting Period
generating unit)

’7 Rebound Period I— Recovery Period

Primary frequency
response stabilizes
the frequency

inertial response
sets initial slope

Synchronous ;

7]
0}.)- —_
29.90 —
i
] ] rr ] I I I | I I
10) 20 30 10 20 30

Fast frequency response  Seconds Minutes

establishes the minimum -
frequency point (“nadir”) NEXTera

Figure from J. Eto, LBNL, ENERGY %
35 https://www.ferc.gov/industries/electric/indus-act/reliability/frequencyresponsemetrics-report.pdf AESOURCES
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Panel discussion

Explosion of cell & module
technology: which designs can meet
the challenges of mass production &
stand the test of time?
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Module Power: Historical and Forecast

Historical Forecast

22,0%
21,0%
20,0%
19,0%
18,0%
17,0%
16,0% .

15,0% Q1 Q2 Q3 Q4:Q1 Q2 Q3 Q4
QA N O O X v O A e 2019 i 2020
N N N N N N N S |
Q Q Q Q Q Q Q Q N i
q/ (L "1/ (1/ "1/ q/ q’ (1/ "19 e \oN0 PERC half-cut Modules
e \ono PERC Modules

=== \lono PERC half-cut bifacialModules
=== \ono PERC Bifacial Modules

Q1 Q2 Q3 Q4
2021

== N\ONO == Multi

Source: Bloomberg NEF Source: PVEL

©2019 PVEL LLC MAKE DATA MATTER. 39




Which Technology Will Get Us There?

> The industry is now pursuing many promising technologies
> Modules are getting larger

> With all new technologies come new risks — Test, Test, Test!!

30

Silicon based Tandem cells

Larger Wafers 156.75 - 158.75 >161.7 > 166 l} 28
5 Passivating contacts
Thinner Wafers 1.5 ¢/ Wpper 10 um (0.01 mm &
pp ( ) % 26 ~25,5%
3 PERC P
Half-Cell ~5+Wp at STC Tou | AWBSF 335%
=
Shinglin ~10+ Wp at STC i
gling p % ~20,5%
o
z2
Bifacial 3 - 20% vyield gain
18
Tandem 30%+ eﬁlClency 2010 2015 2020 2025 2030

Source: Munnik, Semco, PV CellTech 2018

©2019 PVEL LLC MAKE DATA MATTER.




Forecast vs. Actual Module Price

From NREL study, based on 17 different market forecasts

—Actual —2009 —2010 —2011 —2012
—2013 —2014 —2015 —2016
3,00
2,75 Raw materials
2,50 Factory throughput & utilization
o 225 Profit margins
O 200 Cell & module efficiency
£ s o
o 150
S 1,25
8 1,00
S 0,75
0,50
0,25
0,00

2008 2009 2010 2011 2012 2013 2014 2015 2016 201/ 2018

©2019 PVEL LLC MAKE DATA MATTER. 4
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High Efficiency Cell Technology Route-- E'l:,
Upgrade Route

Evolution ( #n#zLeU#T ) Revolution ( & £8I# )

L Al-BSF IBC HJT

AlLO,+SiNx{El#ig& | SiNx Coating equipment

- - . . ﬂn
MAFIEE R | Laser grooving equipment - | SEe
PERC Homogenous kn HeterOjunCtion
Thoroughly changeithe

HFiEANL front electrode structu
. HBC

PERS
LPVCD A E RNt

3 Heterojunction completely change the grid
TopCon line structure




cl..
TOPCon Craft Route

TOPCon (Tunnel Oxside Passivated Contact) technology is to prepare an ultra-thin tunneling oxide layer
and a highly doped polysilicon thin layer on the back side of the cell, which together form a passivation
contact structure, as shown in the Figure. This structure provides good surface passivation for the back
side of the silicon wafer, and the ultra-thin oxide layer can tunnel the multi-sub-electron into the
polysilicon layer while blocking the minority sub-hole recombination, and the electrons are laterally
transported and collected by the metal in the polysilicon layer, thereby greatly reduced contact
recombination current, and the open circuit voltage and short circuit current of the cell are improved.

= front grid

AR
7 ~~ AL,O,

B-doped emitter (p*)

n-type Cz Si base (239 cm?)

tunnel oxide

~.P-doped
/ poly-Si (n*)
Ag metallization



N i)
=1Solar
P-Type TOPCon and N-Type TOPCon

B |n theory, TOPCon can be implemented on both P-type and N-type silicon wafers.

(A) n-type Si cell with front side p-type Si cell with rear TOPCon emitter
p itt d TOPCon BSF
p” emitieran onika with full-area © without full-area
ALO;  DARC (SiN/MgF,) TilPd/Ag p* FSF p* FSF

P7opremitter  ptype S P" P'FSF ptype Si P
TOPCon back surface field (BSF) Ag TOPCon emitter TOPCon emitter

(tunnel oxide + doped Si thin film)

25.7% 24.3%
(N-TOPCon) (P-TOPCon)
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PASSIVATED CONTACTS HeraeL;S ‘

"

/ Screen printed Ag Photon
AR Coating

W n+ Polysilicon
Tunnel oxide

<«— P-type wafer

p+ BSF

Screen printed Al
¥ d

PROs: Depending on who, and details of
structure, also known as:
Low Recombination Current

High Voc / TOPCon™

High Efficiency -, é MonoPoly™

Add-on to existing n- or p-type lines > POLO™
, Poly Si




PASSIVATED CONTACTS - INDUSTRIAL Heraet,;s

y

N-type cell with PolySi Contacts P-type cell with PolySi Contacts__ screen printed Ag

«— Coating

Screen printed Ag

Thick n+ Polysilicon

«— .
AR Coating
AlOx passivation
4« P+ Boron emitter

<4— n-type wafer

Thin n+ Polysilicon
Tunnel oxide

p-type wafer

<€+—— Tunnel oxide

n+ Polysilicon
AR Coating
——_ S

Screen printed Ag

Local Al BSF
AlOx passivation
Screen printed Al

Champion: 24.58% by Trina

>23.0 % Ave Mass Pro (+Bifacial) Challenges:

Optical Abs by Poly
Challenges: Metallization of thin poly layers (<30 nm)
Cost: +10% wafer; 2X Ag . OR
Add Vapor Deposition (SiO2 + PolySi) ™ é “Structured” Poly only under contacts
Throughput — slow Poly growth >
Metallization of thin poly layers (150 nm) ,



HETEROJUNCTION erael'rs '

Fewer Process Steps

Standard process Sel. Emitter process MWT process MB-PERC HJT process

N-type HJT Cell

Screen printed Ag
// TCO
e a-Si:H (p)
[ o-Si:H (i)

«— N-type wafer

‘ a-Si:H (i)
a-Si:H (n)
TCO
+———— Screen printed Ag

X \ A \x--::',!."v:,

Significant
potential for
cost savings!

<y “.«-‘“cf\_"’»'ﬁi e _—
Champion: 24.32% by Hanergy " odified from Meyer
Lowest LCOE, Bifacial, lower temp coeff. - Burger
Challenges: - g ' l
High CapEx, 2X Ag y Options to Lower Cost:

Unique Cell Line
Underdeveloped value chain

£
™, o
-

,é Smartwire or MBB

" Narrower FL (Challenge!)
Dual Printing
P-type wafer
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