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PVEL is the Independent Lab for the Downstream Solar Market

Our mission is to support the
worldwide PV buyer community
by generating data that
accelerates adoption of solar

technology.

©2020 PVEL LLC

Global

300+ downstream partners
worldwide with 30+GW of
annual buying power

Comprehensive

Testing for every aspect of a
PV project from procurement
to O&M

Experienced

Pioneered bankability
testing for PV products
nearly a decade ago

Market-driven

Continuously refining test
programs to meet partner
needs

MAKE DATA MATTER.




Building a 10 MW Project in California

> Project constructed in 2011

> The modules used were:

— Covered by step performance

guarantee for power loss — not linear
— Covered by 5-year product warranty

for workmanship

— Produced by a financially unstable

manufacturer

> Operations began in late 2011

©2020 PVEL LLC

Guaranteed Power

100%

90%

80%

Typical Step Warranty for Power
Loss

Years

25
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“Unforeseen” Issues Arise

» Original owner sold the project to a third party in 2016

» Cell cracks soon began to cause hot spots and subsequent backsheet burns

> This created a safety hazard that had to be immediately remedied
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Issues observed after 5 years in field
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Results of Heliolytics’ Thermal Aerial Scan are Troubling

> Owner conducts aerial thermal scan to quantify module defects

> Half the site had excessive hot spots throughout; the other half had far fewer hot spots

Module Batch #1 Module Batch #2
Source: Heliolytics Source: Heliolytics

©2020 PVEL LLC MAKE DATA MATTER.



Module Replacement Woes

> Insolvent manufacturer with an uncooperative
new owner

> Insufficient warranty protection
> 5-year workmanship warranty had just expired

> Frame size and power class no longer available
on the market, so needed to re-engineer for
replacements

> Replacing the worst cases of hot spot modules
cost hundreds of thousands of dollars — adding
up to more than two years of the entire
portfolio’s O&M budget

©2020 PVEL LLC MAKE DATA MATTER.



Quality Issues Were Identified During Module Production

> In 2011, PVEL completed serial defect
testing for a batch of modules used in
project

> EL images of most samples showed signs
of excessive cell cracks originating at the
cell bus bars, pointing to a soldering-related
root cause

> Thermal cycling caused the potential power
loss to be realized

; . Post Thermal Cycling 200
> PVEL’s results were not fully considered Source: PVEL

and the module installation proceeded

©2020 PVEL LLC MAKE DATA MATTER.



How To Avoid

o Groundwork Renewables

o PVEL

o Resource Monitoring
& Assumptions

o Groundwork

©2020 PVEL LLC

Reliability &
Performance
testing via PQP

Specifying the
tested BOM

PVEL

Batch Testing
FAT Oversight

o PVEL

Pre production
factory audit

Production
Oversight

o Pl

MAKE DATA MATTER.

o Baseline EL

o Incident Response
EL
o PVEL

o PVEL

o Thermal Aerial
Inspection

o Thermal Aerial
Inspection

o Heliolytics

o Heliolytics

o Ongoing resource
measurement

o Groundwork

o Heliolytics |
Site Characterization Vendpr Manuchturing Installgtio.n apd Ongoi'ng
Selection of Equipment Commissioning Operations



Factory Witness, Characterizations and Light-Induced Degradation Measurement

Damp s Seirolgmrs LeTID PAN File Field
Heat o Z 5 sl Sensitivity & IAM Profile Exposure

TC 200 DH1000 DH 1000 Static sscasurn [l LeTD162Is PAN File Field
Mechanical / (75°C Isc-Imp) Exposure
Load 6 Months
Characterization 1AM Profile

LeTID 162 hrs
(75°C, Isc-Imp)

Dynamic 85°C, 85%RH
Mechanical MSV (+ and/or -) Exposure

PVEL’s Module Product = T i
Qualification Program

(PQP)

Test Sequences

TC50 +

HF 10
uv

65 kWh/i

TCS50+
HF 10

ter on
uv
6.5 kWh/m?
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NREL's Solar + Storage Technoeconomic Analysis Portfolio

Component Manufacturing Costs (S) System Capital Costs (S)
. sStorage
Crystalline Silicon Thin-Film Batteries Solar Fuels

justration by Al Hicks, NREL Photo from iStock, 1033236964 Photo by Dennis Scl h eder, NREL 56318 Photo from iStock, 932140864 Photo from iStock, 938053682 Photo from iStock, 1128871378

Project Pro Forma Cash Flow Analysis
Levelized Cost of Electricity (LCOE) Internal Rate of Return (IRR) Levelized Cost of Solar + Storage (LCOSS)

Any applicable incentives .
FIT or PPA Revenues Residual Value (+/-)

LITrettteeetteatteeteees o

vV V.V V VY VY V*******V**¢*l
Any preventative and routine O&M, Any corrective O&M including battery and inverter repairs or
including asset management replacements and unplanned weather-related events

# Upfront Capital Cost for System Installation
NREL | 15



50 MW ¢ Single Owner Pre-Discounted Cash Flows and Calculated

Project EBITDA (Aggressive Scenario)

March 3, 2020 An Aggressive Accounting of Costs and Benefits for PV Systems "¢ r:teadn Cumu.!cat]'cvetcap(?:cF';‘;' U
;-s' NR EL 50 MW/p( Single-Axis Tracking Systems with 2,350 kWhac)/kW p First Year Power Production. weig e Ca,paCI y tactor or U.o.
4500000 - Year1 Year 30 PV projects installed from 2008 to
$3.5 M in PPA Revenues $3.2Min PPARevenues 2018 was 27.0%
/ $3.2 M EBITDA (PPA Revenues Minus O&M) $2.7 M EBITDA
$3,500,000 — Corresponds to 2,365 kWhae)/kWp(
¥ MY YN OCRBRR I oReNe RN PPA revenue projections are a
MY NN SR RR . .
$2,500,000 ¢ function of PPA rates, energy yield,
and the degradation profile.
$1,500,000 — The average levelized price of PPA’s
signed in 2018 was $31/MWh
(Data compiled by LBNL from FERC
$500,000 .
S o |Yea Electric Quarterly Reports)
&> Earnings Before Interest, Taxes,
-$500,000 Depreciation, and Amortization
(EBITDA):
-$1,500,000 DRAFT Analysis. Helpful comments and feedback appreciated. — Declines over time according to the
m PPA Revenues with $30/MWh(AC) Flat Rate and 0.25%/yr Degradation Rate system degradation profile and
-$2,500,000 Oo&M expenses
e m Upfront System Cost ($0.75/W for hardware and installation and $0.25/W soft costs) .
Calculated Nominal After-Tax IRR
$3,500,000 m Planned and Corrective O&M and Asset Management ($6/kW-yr with 2.5% real escalator) with 26% ITC and Flat $30/MWh,,
. 0,
450,000,000 | ¢ Undiscounted EBITDA (PPA Revenues Minus Expenses) PPA Rate: 7°OA
-$4,500,000




Practical Consideration: Distribution of Failure Rates for PV Systems

3UUF
. Weighted average degradation rate: 0.8%/y *
o550, . Normal distribution rate without
right tail average and median: 0.4%
200+

Frequency
—h
(@)
o

100
*Based on: Photovoltaic Degradation Rates —
An Analytical Review
50 Dirk C. Jordan and Sarah R. Kurtz
O m m I_I = N o ow

0 0.5 1 1.5 2 2.5 3 3.5 4
Degradation Rate (%/y) NREL | 17



Impact to O&M Budgets and Projec ts

Annual Operations
and Maintenance

(O&M) Budget

Impact to Project or
Portfolio for $2M

Corrective Issue

1-GW PV Project Portfolio
(Roughly S1B Investment)

$6/kW-yr
(TBD)

$6,000,000

* Roughly $4M
remaining in O&M
budget, but portfolio
LCOE and IRR
negatively impacted

* Decreased project
uptime and lower
energy yield

* Potential warranty
claim hassles

$10/kW-yr
(TBD)

$10,000,000

* Roughly $8M
remaining in O&M
budget, but
portfolio LCOE and
IRR negatively
impacted

* Decreased project
uptime and lower
energy yield

* Potential warranty
claim hassles

50-MW PV Project
(Roughly S50 M Investment)

$6/kW-yr
(TBD)

$300,000

* No remaining O&M
budget for roughly
7 years

* Decreased project
uptime and lower
energy yield

* Potential warranty
claim hassles

$10/kW-yr
(TBD)

$500,000

* No remaining O&M
budget for roughly
4 years

* Decreased project
uptime and lower
energy yield

* Potential warranty
claim hassles



50 MW ¢ Single Owner Pre-Discounted Cash Flows and Calculated

Project EBITDA (Scenario with Historical Precedent)

*INREL

$4,500,000 -

$3,500,000

$2,500,000

$1,500,000

o
v
o

2020

-$500,000

-$1,500,000

-$2,500,000

-$3,500,000

-$4,500,000

Year 1

$3.5 M PPA Revenues
$3 2 M EBITDA $3.4 M PPA Revenues
/ $2.0 M EBITDA

00.1
* »

L4

Yea

Historical Case of Costs and Benefits for a PV System
50 MW p) Single-Axis Tracking System with 2,350 kWhac)/kW ) First Year Power Production.

Year5

Year 30
$2.7 M PPA Revenues
$2.1 M EBITDA l

0..

09.

00.

0..
d & S
00.
00.
4 O

>

DRAFT Analysis. Helpful comments and feedback appreciated.

l$50,000,000

M PPA Revenues with $30/MWh(AC) Flat Rate and 0.80%/yr Degradation Rate

m Upfront Capital Cost ($0.75/W for hardware and installation and $0.25/W soft costs)
m Modeled Module Replacement ($0.04/W Total)

M Planned and Preventative O&M ($12/kW-yr with 2.5% real escalator)

© EBITDA (PPA Revenues Minus Expenses)

The mean cumulative capacity-
weighted capacity factor (CF) for U.S.
PV projects installed from 2008 to
2018 was 27.0%

— Corresponds to 2,365 kWhae)/kWp(

PPA revenue projections are a
function of PPA rates, energy yield,
and the degradation profile.

— The average levelized price of PPA’s
signed in 2018 was $31/MWh
(Data compiled by LBNL from FERC
Electric Quarterly Reports)

Earnings Before Interest, Taxes,
Depreciation, and Amortization
(EBITDA):

— Declines over time according to the
system degradation profile and
0&M expenses

Calculated Nominal After-Tax IRR
with 26% ITC and Flat $30/MWh,(,

PPA Rate: 6.0%



50 MW ¢ Single Owner Unlevered After-Tax Project Returns and IRR

March 9, 2020

*NREL After-Tax Discounted Returns From the PV System

ot
$6,000,000 -

$5,000,000
$4,000,000
$3,000,000
$2,000,000

$1,000,000

S0

-$1,000,000

-$2,000,000

-$3,000,000

-$4,000,000

-$5,000,000

-$6,000,000

-$7,000,000

$17.5M —>

e 26% 1TC, MACRS, and PPA Revenues:

50 MW/p) Single-Axis Tracking System in the U.S. with 2,350 kWhac)/kW p First Year Power Production.

= ‘—-‘—""_."1
Lower project returns ‘,J—"' o ©® [}
due to corrective issue o . o ®
. (1d
One full - @ -
- . ne tutl year |rTcrease > Y © Reduction in Internal
in payback period: ,® ° P IRR): 95 b 0
From 11 to 12 years ,y ° Rate of Return (IRR): 95 bps (0.95%)
| 4 ©
4
I’ .
|
’I,’ ©
[
z" It
p N |
1 2 3 4 5 6 7 8 9 10,,1112131415161718192021222324252627282930
—_—
ye Year
MACRS K
Benefits "' Py
and PPA ’ DRAFT Analysis. Helpful comments and feedback appreciated.
Revenues ,'. I st Value Againstthe Aggressive Projections
’
) [ Net Present Value of After-Tax Project Returns With -0.80%/yr Degradation
,’ and Unplanned O&M Issue
,' ® mmmm Upfront System Capital Cost (50.75/W for hardware and installation and
.’ $0.25/W softcosts)
,’ @ Nominal IRR with $30/MWh Flat PPA Price, 0.8%/yr degradation rate,
,' Unplanned Corrective Issue, and $6.0/kW-yr total O&M expense (Right Axis)
$50,000,000 ,’ e = <#=-Nominal IRR with $30/MWh Flat PPA Price, 0.25% degradation rate, and
‘ $6/KW-yr total O0&M expense (Right Axis)

7%

6%

5%

4%

3%

2%

1%

0%

-1%

-2%

-3%

-4%

-5%

-6%

-7%

-8%

-9%

Internal Rate of Return (%)

Total Value of Losses
Against Projected
Performance (2020 USD)

Aggressive assumptions: 0.25%/yr
degradation rate and $6/kW-yr O&M.

$2.8M
$0.056/W
PV systems (50 MW p))
with 0.80%/yr
degradation
rate and $56 M
unplanned
corrective issue $0.056/W
(1 GWpq
portfolio)
NREL | 20
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Combined accelerated stress testing (C-AST): Motivation

Numerous field failures seen in modules that pass qualification testing (IEC 61215)
* We create mechanism-specific tests only after the failure mode has been found in the field

* Numerous parallel tests getting time consuming and expensive

Stakeholders considering buying into new technologies, materials, and designs incur

residual risk, increasing LCOE
* Risk of new designs/materials (like PERC, n-PERT, TOPCon)
* Risk from incremental changes (like going to thinner cells)
» Risks from failure of critical parts (like an edge seal for moisture-sensitive PV cells)

PV modaule reliability standards subject to interests of those contributing
* More objectivity sought

SUS Billion industry. Risks as well as benefits of progress are substantial

Addressing this, differing PV testing paradigm required

NREL | 22



Combined accelerated stress testing (C-AST): System

Factors

* Heat

* Light (Xe)
O *  Humidity - : «-—’\

Sequential o u ° Condensing
o * Non-condensing

Steady-state

Matera 5“"7?_:?’ Two Factor_MukiFacko’, - pactors * Mechanical pressure

g
Coupon _

Minkmodule " * System voltage

Combination

Combined

Module

* Reverse bias (in progress)

Sample

In-situ Metrology : :
* IV, EL Modified Atlas XR-260 Weatherometer

Discover potential weaknesses in module designs, both known and not a-priori recognized,
reduce risk, accelerate time to market, bankability and reduce costly overdesign, to lower
the levelized cost of electricity.

NREL | 23



Modes, stress factors, and results

Mode

Solder bond failure leading to
open circuit (=2 hot spots)

Corrosion, cell-front
delamination
Potential-induced degradation

Cell and glass cracks

Yellowing & module packaging
optical losses

Cracking of backsheet and
delamination

Light-induced degradation

Stress factors
Mechanical and
thermomechanical stress on
conductors. Current leading to
joule heating in the conductors

Heat, sunlight, voltage and
moisture

Heat, sunlight, voltage,
mechanical stress, and humidity
Heat, humidity, light, system
voltage bias, mechanical stress
Heat, sunlight, voltage and
moisture

Heat, sunlight, voltage, mechanical
stress, and humidity

Sunlight and temperature



Modes, stress factors, and results

Mode

Solder bond failure leading to
open circuit (=2 hot spots)

Corrosion, cell-front
delamination
Potential-induced degradation

Cell and glass cracks

Yellowing & module packaging
optical losses

Cracking of backsheet and
delamination

Light-induced degradation

Stress factors
Mechanical and
thermomechanical stress on
conductors. Current leading to
joule heating in the conductors

Heat, sunlight, voltage and
moisture

Heat, sunlight, voltage,
mechanical stress, and humidity
Heat, humidity, light, system
voltage bias, mechanical stress
Heat, sunlight, voltage and
moisture

Heat, sunlight, voltage, mechanical
stress, and humidity

Sunlight and temperature

Ribbon/bus connection failure



Modes, stress factors, and results

Mode Stress factors
Solder bond failure leading to Mechanical and
open circuit (=2 hot spots) thermomechanical stress on

conductors. Current leading to
joule heating in the conductors

Corrosion, cell-front Heat, sunlight, voltage and
delamination moisture
Potential-induced degradation Heat, sunlight, voltage,
mechanical stress, and humidity
Cell and glass cracks Heat, humidity, light, system
voltage bias, mechanical stress
Yellowing & module packaging Heat, sunlight, voltage and
optical losses moisture
Cracking of backsheet and Heat, sunlight, voltage, mechanical PVDF
delamination stress, and humidity

Light-induced degradation Sunlight and temperature



Modes, stress factors, and results

Mode

Solder bond failure leading to
open circuit (=2 hot spots)

Corrosion, cell-front
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Potential-induced degradation

Cell and glass cracks

Yellowing & module packaging
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Stress factors
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Heat, sunlight, voltage and
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mechanical stress, and humidity
Heat, humidity, light, system
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=

Heat, sunlight, voltage and
moisture

Heat, sunlight, voltage, mechanical
stress, and humidity

Sunlight and temperature




Modes, stress factors, and results

Mode

Solder bond failure leading to
open circuit (=2 hot spots)

Corrosion, cell-front
delamination
Potential-induced degradation

Cell and glass cracks

Yellowing & module packaging
optical losses

Cracking of backsheet and
delamination

Light-induced degradation

Stress factors
Mechanical and
thermomechanical stress on
conductors. Current leading to
joule heating in the conductors

Heat, sunlight, voltage and
moisture

Heat, sunlight, voltage,
mechanical stress, and humidity
Heat, humidity, light, system
voltage bias, mechanical stress
Heat, sunlight, voltage and
moisture

Heat, sunlight, voltage, mechanical
stress, and humidity

Sunlight and temperature
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Modes, stress factors, and results

Mode Stress factors
Solder bond failure leading to Mechanical and

open circuit (=2 hot spots) thermomechanical stress on
conductors. Current leading to
joule heating in the conductors

Corrosion, cell-front Heat, sunlight, voltage and
delamination moisture
Potential-induced degradation Heat, sunlight, voltage,
mechanical stress, and humidity
Cell and glass cracks Heat, humidity, light, system
voltage bias, mechanical stress
Yellowing & module packaging Heat, sunlight, voltage and -
optical losses moisture
Cracking of backsheet and Heat, sunlight, voltage, mechanical Bad
delamination stress, and humidity soldering

(TPT Backsheet

Light-induced degradation Sunlight and temperature



Modes, stress factors, and results

Mode

Solder bond failure leading to
open circuit (=2 hot spots)

Corrosion, cell-front
delamination
Potential-induced degradation

Cell and glass cracks

Yellowing & module packaging
optical losses

Cracking of backsheet and
delamination

Light-induced degradation

Stress factors
Mechanical and
thermomechanical stress on
conductors. Current leading to
joule heating in the conductors

Heat, sunlight, voltage and
moisture

Heat, sunlight, voltage,
mechanical stress, and humidity
Heat, humidity, light, system
voltage bias, mechanical stress
Heat, sunlight, voltage and
moisture

Heat, sunlight, voltage, mechanical
stress, and humidity

Sunlight and temperature

‘ |

PA Backsheet cracking

PVDF Backsheet cracking

Silicone encapsulant
delamination



Modes, stress factors, and results

Mode Stress factors
Solder bond failure leading to Mechanical and
open circuit (=2 hot spots) thermomechanical stress on

conductors. Current leading to
joule heating in the conductors

Corrosion, cell-front Heat, sunlight, voltage and
delamination moisture
Potential-induced degradation Heat, sunlight, voltage,
mechanical stress, and humidity
Cell and glass cracks Heat, humidity, light, system
voltage bias, mechanical stress
Yellowing & module packaging Heat, sunlight, voltage and B-O LID
optical losses moisture Light & elevated
Cracking of backsheet and Heat, sunlight, voltage, mechanical temperature
delamination stress, and humidity degradation (LeTID)

Light-induced degradation Sunlight and temperature P> UV LID (H, charges) }
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Modes, stress factors, and results: LID

B-O LID

Light & elevated
temperature
degradation (LeTID)

UV LID (H, charges) *
UV Pass EVA UV Block EVA  UVBIock EVA UV Pass EVA

'0 mV RO i s

~

=7-b mV

Shadowed region showing higher lifetime: attributed to UV degradation in tropical test
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MODULE TESTING
PROTOCOLS

flEC-G]_Z]_s Potentiallm

Replaced by
Visual Inspection C-AST

Insulation test

* Measurement of temperature
coefficients

Performance at STC*
Performance at low irradiance*
Outdoor exposure test

Hot spot endurance test

UV preconditioning test
Thermal cycling test

Humidity freeze test

Damp heat test

Robustness of determinations
Wet leakage current test

Static mechanical load test

Hail test

Bypass diode testing
Stabilization/Light induced
stabilization

* PID (forthcoming in 61215 Ed. 4)
*With optional in situ I-V J

/ Other Desired Testing\

* PID corrosion/extended PID testing
¢ Thermal cycling up to 500 cycles for
25 year predictions

Delamination test

Snail trail/corrosion/delamination
testing

Light and elevated temperature
induced degradation testing

In situ monitoring of power
Combined Accelerated Stress

TESTING COST OF

OWNERSHIP (COO) INPUTS ACCOUNTING STANDARDS

-
Inputs by Step

* Production and
throughput

(Uptime and scheduled and
unscheduled downtime)

* Equipment prices and

\- Testing (C-AST) )

>|  relevant depreciation
schedules

* Floor space

* Materials and
consumables (Lamps)

* Utilities (Electricity,
compressed air, cooling water)

* Waste disposal
(Waste water and exhaust air)

* Labor: Person-hours
per task by labor class
(Operators, Supervisors,
Engineering, and
Maintenance)

|+ Cost of yield loss

GAAP AND IFRS

-
Variable (cash) costs

within the cost of goods

sold (COGS)

* Input materials

* Direct labor: Skilled and
unskilled wages and benefits

* Electricity

* Maintenance of equipment
and facilities

J

Fixed (non-cash) costs

* Equipment
* Building and facilitation

-

Location Specific
Costs Considerations
* Wage rates by task

L * Electricity rates

( Research and
Development (R&D) and
Sales, General, and
Administration (S, G, &A)
¢ Organization management
* Human resources

* Accounting staff
* Technology sales, marketing, and

~

promotion to customers
* Future technology research and

\_ development

J

Total
Module
Testing

Costs

Methodology and Approach for Bottom-Up Cost Modeling

NREL

34



PRELIMINARY Results for Bottom-Up Cost Modeling of C-AST

PRELIMINARY C-AST Cost Projections * 6 full-sized modules per year
U.S. Testing Facility. 2 Modules per 4 Month Test. tested in each C-AST chamber
$90,000
e 2018 industry medians: 2% of
$80,000 $79,424 revenues budgeted for R&D plus
- m R&D plusS, G, & A 11% of revenues budgeted for
$10,563
$70,000 aae S,G,&A
Leased floor space * $180/m? per year facility leasing
$60,000 costs
$20,000 . . . 4.
m Depreciation of chamber, ~ ©  7-Y€ar straight line depreciation
$50,000 facilitation, and installation of investment in C-AST chambers
(7-year straight line) * $0.08/kWh electricity price

m Utilities (4 kW per luminary)
* 5 C-AST chambers per direct

operator, 4 shifts
B Labor (direct operators,
supervisors, engineers, and  ® 20 C-AST chambers per
$22,477 maintenance staff) supervisor, 4 shifts
B Remaini terials and .
Lomente mAErnan A« 20 C-AST chambers per engineer,
day shifts only
$10,725 ¥ Metal halide luminaries * 200 hours of maintenance time
per chamber per year

$40,000 $14,819

$30,000

$20,000

Cost for C-AST Testing ($/Test)

$10,000

NREL | 35
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PRELIMINARY Results for Bottom-Up Cost Modeling of C-AST

2020 U.S. S per W pq

Preliminary C-AST Cost Projections

u.s.

$0.099

$0.013

1,000

Testing Facility. 2 Modules per 4 Month Test.

B R&D plusS, G, & A

Leased floor space

m Utilities (4 kW per luminary)

$0.040 B Metal halide luminaries

B Depreciation of chamber, facilitation,
and installation (7-year straight line)

m Labor (direct operators, supervisors,
engineers, and maintenance staff)

B Remaining materials and consumables

RAFT Costs Analysj

)ata Still in Collectioff skt $0.010
.
2,500 10,000

Testing Frequency (Installed Modules per Test)

<_12 modules
For 50 MW

* 6 full-sized modules per year
tested in each C-AST chamber

* 2018 PV industry medians:
2% of revenues budgeted for
R&D plus 11% of revenues
budgeted for S, G, & A

* $180/m? per year facility leasing
costs

* 7-year straight line depreciation
of investment in C-AST
chambers

* 50.08/kWh electricity price

* 5 C-AST chambers per direct
operator, 4 shifts

* 20 C-AST chambers per
supervisor, 4 shifts

* 20 C-AST chambers per
engineer, day shifts only

* 200 hours of total maintenance
time per chamber per year
(2.2% downtime)



Presentation Qutline

n Introduction (Teresa Barnes, DuraMAT Director, 5 minutes)

n Module Underperformance Case Study (Tristan, 15 minutes)
B Economic Impacts to a Portfolio of PV Projects (Mike, 15 minutes)
n Overview of C-AST (Peter, 5 minutes)

B Bottom-Up Cost Modeling of C-AST (Mike, 10 minutes)

n Conclusions, Next Steps, and Questions (Mike, 10 minutes)
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Conclusions and Proposed Next Steps

 Partial to complete module failures may lead to unacceptable declines in system
performance that trigger a maintenance response such as module replacement, as
well as potential loss of time and money if a warranty enforcement claim is made.
There are warning signs that projections of PV project performance and O&M
expenses can oftentimes be overly aggressive against what has been historically
demonstrated. If unknown field failures and degradation profiles deviate from
aggressive projections, the realized project EBITDA and IRR will most likely be
negatively affected

PV module testing protocols may be one appropriate screening method to ensure
project stakeholders are buying the highest quality products that are available on
the market. The IEC testing standards currently in place are meant to be rigorous,
but the approaches and techniques for thorough module testing are also
developing rapidly. Examining multiple stress factors at once and over a sufficient
length of time (for example, with C-AST) can also help to screen for defective
modules and elucidate major failure mechanisms.
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Top Down Impact of O&M on Utility-Scale PV Project IRR

April 8,2019 H 1
E:EpNREL IRI.R as a Function of Average Annual Operat|.0n and Opportunity Impact
X e Maintenance (O&M) Expenses and Degradation Rate
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10 e T T e e e T e e from $12/kW-yr to Improve IRR
SunShot 59 $6/kW-yr at 0.75% by 113 bps
~- 200 M and p, degradation
9 e — gradationRateT‘——\——— —————————————————————
rgets: g4 /Wy Reduce O&M expenses
and o, from $12/kW-yr to Improve IRR
8 $6/kW-yr at 0.20% by 105 bps

degradation

Reduce degradation

Single Owner Nominal Unlevered Rate of Return (%)
~

Improve IRR
rate from 0.75% to by 63 bps
0.20% at $12/kW-yr Y P
6 Reduce degradation Improve IRR
2010 SunShot Vision
rate from 0.75% to
Study: $20/kW-yr and 1.0%
c tudy: 520/kW-yran s 0.20% at $6/kW-yr by 55 bps
4 () S
Average Annual O&M Expense ($/kW pc)-yr) . Improve
g Achieve SunShot p.
— $0 $4 —— $6 ——$10 $12 ——$16 e Project
4 . . . . . . . . 2030 reliability IRR b
0.00% 0.25% 0.50% 0.75% 1.00% 1.25% 1.50% 1.75% 2.00% goals 195 b y
ps

Average Annual Degradation Rate (%/year)
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Bottom-Up O&M Considerations for PV Systems

Preventative Maintenance (Mostly Planned)

Vegetation management
Wildlife countermeasures
(variable and planned)

Site maintenance (variable and planned)
System monitoring, inspection, and
security

Module cleaning

Tracker lubrication

Operations Administration (Planned)

+ Payment of O&M

« Administration of project cash
flows to bondholders and
equity owners

+ Accounting and taxes

« Warranty enforcement

Corrective Maintenance (Mostly Unplanned)

+ Reset electrical disconnects and replace electrical
components (variable)

 Replace parts or entire units of modules, trackers, and
inverters (variable and planned)

CORE COST
DRIVERS

MODEL COST
CATEGORIES

DISCOUNTED
CASH FLOW

architecture (roof
mount, ground
mount, tracker)

* Module and BOS
technology choices

* Hardware and
electrical system
component choices

System Location
* Location-specific
O&M best

Condition-Based Maintenance
« Active monitoring
+ Equipment replacement (variable and planned)

L

practices
| L —

O&M Service Plan
« Staffing plan

* Warranty terms
* Frequency of
maintenance

1

~
System Design System Hardware
* System * Module

| « Inverter

* Racking
N e—

Components
* Desired level of

monitoring capability

Direct Labor
* Electrical
* Mechanical
* General

Indirect Labor

* Engineering

* Construction Permit
Administration
* Sales and Marketing

Overhead

* General and
Administrative

* Operations

Management

Construction >

Hardware and

Electrical System Costs

« Component costs and
quantities

* Supply chain and
delivery costs

* Sales taxes

Labor Costs

* Wage rates by task
and geography

+ Union or non-union

* Person-hours per
task by labor class

* Insurance and other
benefits

Indirect and overhead

* On-site and off-site
management

« Warranty claims

Probability
distribution of O&M
events over time:

* Constant interval for
preventative and
administrative

* Weibull for corrective

Financing

* Discount rate set by
the WACC:
Wpkp(1-T) +weke

* Owner tax rates

Year-by-year cost for
each O&M event
incorporated into the
DCF




Historical, Current, and Projected Pricing for Mono- PERC

October 23, 2019

$0.60 —-$0.5

Cost Model Results for the Monocrystalline Silicon Supply Chain

I-New Greenfield Production Facilities in Urban China. Pricing Does Not Include Import Tariffs.

9 -

$0.076

$0.50

v
o
>
o

$0.30

$0.107

Polysilicon price reductions:
From $21/kg to $8.6/kg

Transition to diamond wire.
Movement to the PERC cell

architecture and resulting _

efficiency improvements.
Metallization improvements
including silver utilization:

From 200 mg/cell to 90 mg/cell.
Process engineering and
economies of scale.

v
ot
N
o

|

2019 U.S. S per Wy

$0.10 -

$0.00 -

(16% Modules)

2015

4 and 80 um to 60 um kerf. -

"I module assembly throughput.

ITRPV roadmap results for 2025:
From 165 um to 140 um thick

Move from M2 to M6 format.
Increase ingot mass from

250 kg to 350 kg.

Reduce Ag to 50 mg/cell.
Double cell conversion and

$0.21

2H 2019

(19.5% for PERC)

Processing
Advancements

m Research and Development (2%) Plus
Sales, General, and Administrative (11%)
m Remaining Costs for Module Assembly

M Balance-of-Module Materials
I Remaining Costs for Cell Fabrication
[ Cell Metallization Pastes
[ Wafer Processing
15% GM Price Target

’ 5% to 25% for
Error Bars

M Silicon

0.5%/year module-area efficiency improvements.

$/m? BOM costs constant.
$0.18

Efficiency Gains
(22% by 2025)

Higher efficiency benefits
S/W balance of module
(BOM) costs and CapEx

2018 industry medians:
2% of revenues budgeted
for R&D plus 11% of
revenues budgeted for

S, G, &A

Single-value price targets
based upon 15% gross
margin. 5—25% gross
margins used for error

bars.

Additional details given in
“Crystalline Silicon Photovoltaic
Module Manufacturing Costs and
Sustainable Pricing: 1H2018
Benchmark and Cost Reduction
Roadmap” by M Woodhouse, et
al., Available online.
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Major Failure Modes for PV Module Technologies

Affected module * severity (scaled to 100%)

0

Hot spots[

IC discoloration‘
Glass breakage‘
Encapsulant discoloration‘
Fractured cells‘

PID‘

IC failure

Diode/J-box

Major delamination

Backsheet insulation compromise

Minor delamination

Figure source: D Jordan, T J Silverman, J H Wohlgemuth, S R Kurtz,

30 40

(b)

Last 10 years

and K T vanSant “Photovoltaic failure and degradation modes”,

PIP, 2017.

Opportunity

Impact Upon 2019
Baseline Utility Scale
PV Projects

Reduce O&M expenses from
$12/kW-yr to $11.5/kW-yr at
0.75%/yr degradation

Reduce O&M expenses from
$12/kW-yr to $11.5/kW-yr at
0.20%/yr degradation

Improve IRR by 10 bps

Lower LCOE by
$0.30/MWh

(7.4% discount rate)

Improve IRR by 9 bps

Lower LCOE by
$0.29/MWh

(7.4% discount rate)
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