Photovoltaics
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- \ it o i y T
b TR id f._ e & s . <.
Il Ep—— ¥ A : k
Levad | I / S N
3 st y
B 5 L1 V-4 .
G W Ee o
= “ Mo & 1 g S
: AU ¥ Wikial
W e L N
o i (] |
Frrs B T ot 4] 11 I L
JBISHED - Attt
i ;I|I iz - R U | -
L III _-I_ 1 (e /—'
it WL I |
| Y bt ~
I "/ OV
/

January 20, 2007




PV Team

= Brian Dougherty — NIST/BFRL

= Mark Davis — NIST/BFRL

m Luis Luyo — NIST/BFRL

= Howard Yoon — NIST/Physics Lab

= David Allen — NIST Physics Lab

= Kang Chua - Physical Optics Corporation (SBIR)

= David King SNL/Daryl Meyers NREL




Overview

Photovoltaics 101
Photovoltaic Industry

Building Integrated Photovoltaics
BFRL's PV Program

Facility Tours

NSy
Notignal|[nsTitetelor

Stondurdstnd [[eChnol oGy



Photovoltaic Terminology

mCELL - basic building block in factory

sMODULE - smallest unit that can do

real-world work; building block in the
field

sARRAY - electrically interconnected
modules

nSeries Wired to Increase Voltage

sParallel Wired to Increase
Current

NSy
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PV Cells — How They Work

Electron and Current Flow in Solar Cells

Silicon absorbs photons from solar radiation Photons —
If photon energy is great enough, an electron from eectrons\ o o m w3 2 & Positive
the outer electron s%ell is free < .agr\;\ N e oo
s Resultsin - n-smcon/' B e T- >
* Hole — lack of an electron N PO S-S W
* Excess electron in crystal structure B ey
* Without a barrier, the excess electron would D% Negallve Electron Flow
. . Contact igure
rapidly fill the hole
= A barrier is introduced inhibiting the free migration
of electrons resulting in n layers and p layers
* Buildup of electrons in n-layer
* Deficiency of electrons in p-layer
= By connecting n and p layers through electrical
circuit, current will flow
NSy
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Photovoltaic Terminology
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Series and Parallel Connections

IL = Isc

6 T —
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Voltage, V
IV curves for PV modules connected in
U J_Jf

various series and parallel arrangements. Py
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Solar Irradiance Level Versus Output

3
1000 W/m? ™
800 ] \
T
5 ™
< 600 —
c
o
3 400 ﬁJ\\
1
200 \\
% 5 10 15 20
Voltage, V
IV curves for a PV MODULE at several radiation levels. NISTy
The locus of maximum power points is shown. Natonalfmsiere !
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Cumulative installed capacity (M

Grid Interconnected Systems

(]
]
=
]

Py Modules

Fower Grid

= Zrid connected
2300 Slm Off-gyid

2000

OC Isolator
1500

1000 Inverter

Consumer unit
200

L]

1 EIEIE 1983 1 934 1993 19961997 1995 1999 2000 2001 20022003 2004 —
Cumulative installed PV power by application area in the [EA- (11}
FVEE tepotting countries (Source: hitplhanwrw dea-porp s org), il 5=

\"F-C Isolater

[EA Photovoltaic Power Systems Programme
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Net Metering State by State

www.dsireusa.org January 2007

NH: 25
MA: 60
RIl: 25
CT: 100

N © 50/1,000/2,000
10 - 2.000

25

20/128 : 500

100 257100 - 100
: 10/500

VT: 15/150 gkele]

Net metering is

. State-wide net metering for all utility types available in

State-wide net metering for certain utility types (e.g., 10Us only) 40 states + DC
Net metering offered by one or more individual utilities

- - - - - - - - - - - - :- .L 1 - *
#s indicate system size limit (kW); in some cases limits are different for residential and commercial as shown
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Grid-Connected PV Wiring Schematic
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Conversion Efficiency

_ IZPOdT

Aj H.d7
0]

T]¢

where
A is a representative area, m?,
H- is the incident solar radiation, W/m?,
P, Is the panels electrical power output, W
and 7 Isthe time interval selected for monitoring, h. y Ji=r

e -]|l' __.j
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Photovoltaic Technologies

Conventional - 94% of Market Thin Film — 6% of Market

Material Laboratory Cell Laboratory
Efficiency Module Efficiency

Crystalline Silicon 24.7% 23%

Multi Crystalline Silicon 20.3% 15.3% -

CIGS 18.8% 13.4% NSy
CdTe 16.5% 10.7% Natignal|[nstiretomr
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The Photovoltaic Industry

= Worldwide PV Shipments

* 1998 - $1.5 hillion
* 2020 - $27 hillion

= Price History
* 1959 - $1000 per Watt
* 1973 - $100 per Watt
* 1980 - $10 per Watt
* 12/06 - $5.47 per Watt

16 5

Assumptions: Total worldwide shipments in 2000 are 0.200 GW,, with s

U.S. modules being 40% of the total (constant over 2000 to 2020). B

LT I T I Ry =]
’: P R % 'L ‘:--
§ 30%/yr Growth Rate: Roadmap Accelerated Goal / E
3 P A4 o]
a 10 l’ (e k]
e / o
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2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020

Year

PV Growth Strategy 2000-2020

PV Technology Roadmap Workshop, 6/99
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Photovoltaic Industry

= PV Manufacturers and Technologies

* Single-Crystalline — SolarWorld, Sun Power (Back Contact)
Polycrystalline — BP Solar, Sharp, Kyocera Solar, Mitsubishi, GE
* Polycrystalline String Ribbon — ASE Americas, Evergreen Solar
* Silicon Film — General Electric
* Amorphous Silicon — United Solar Ovonic Corporation
(]
(]

Cadmium Telluride — First Solar

Copper Indium Diselenide/Copper Indium Gallium Diselenide — Wurth
Solar, Global Solar, Shell Solar




Worldwide PV Module Manufacturing Activity
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Sources - Photovoltaic News, March 2006

2004 2005
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DOE’s Solar America Initiative Program Goals

Market Current PV PV PV
Sector | Market Price | Generated | Generated | Generated
2005 2010 2015
Residential | 5.8 -16.7 23-32 13-18 8-10
Commercial | 5.4-15.0 16-22 9-12 6-8
Prices are cents per kWh
Current prices based on electric generation with conventional sources
Market goals based on grid-tied sources NS
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Photovoltaic Economics

e VT NH
12.82 11.98 pey Payback time

L . . -
} (5 sun-hours, 5% discount rate, varying system prices)

— RI 11.62 a0
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Source: Energy Information Administration, Form EIA-BE1, "Annual Electric Power Industry Repaort.”

20 26 30 35 40 45 a0
cents/kyh

PV Incentives
30%Federal Tax Credit Example
2000 Watt System in Maryland
mMaryland — Lesser of 20% or $3K Grant 2000 watt @ $9/watt = $18,000
Less $5,000 Tax Credit, Less $3,000.

sGermany —Rebate of $0.54 per kWh NSy
el i B ey e Net Cost 10K or $5/watt ~ =—"
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Photovoltaic Energy Payback and Avoided Emissions

Source- What is the Energy Payback for PV? DOE’s National Center for Photovoltaics

140
— — —- Cumulative PV energy production

- —— Manufacture energy P
= -
E'I'D[} Pl
g 60 -
= - Return
= 1 o
5 20| nueatmenfff

_2[] 1 1 1 |

0 2 5 10 15 20 25 30
Years

A PV system that meets 50% of average household use would:

* Eliminate 0.5 tons of SO,and 0.3 tons of NO,
* CO,emissions avoided would offset the operation of two cars for 28 years

NSy



Building Integrated Photovoltaics

= Architectural Integration
* Roofing Materials
* Wall Components
* Glazing

= System Integration

* PV System and Building’s Electrical Systems
* PV System and Utility Grid

NSy
. ‘.--t.-._JIlEI.. tutelat]
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Benefits of Photovoltaics at Building Site

= May Be Integrated into Building
* Architecturally Clean

* Offsets Cost of Facade/Roofing/Glazing Materials

= Eliminates Central Power Plant to Building Electrical
Distribution Losses

= Reduces Energy Consumption/Peak Load Requwements
= Provides Premium Power

* Sensitive Manufacturing Processes
* Building Emergency Services




Building Integrated Photovoltaics

/ 0 4 Times Square
¢ P

SR First Major Office
l Building to be
f.;gﬂj,; L constructed in NYC
i RT3 since 1990's.

,. i | A |J J|:='lr'
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Building Integrated Photovoltaics

Standing-Seam Roofing NSy

. T s e | = e
NAHB Solar Townhouse, Bowie, MD it R Y 5



Building Integrated Photovoltaics

PV Shingles

Integrated PV Into
Grid Connected
Building
NSy
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Barriers to Widespread Adoption of PV

Life Cycle Cost

Lack of Standardized Grid Interconnection Protocols
Uniform Net Metering Rules/Regulations

Lack of Performance Data

Lack of Predictive Performance Tools

Uncertainty in Module Performance Ratings

Balance of System Components’ Reliability

Lack of Qualified System Designers/Installers

NSy
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BFRL's PV Program

= How Do Different PV Technologies Compare Under “Real World Conditions”?
Lack of Performance Data

* Solution - Provide “In-Situ” Performance Data
— Commercial Building Wall and Roof Applications
— Residential Roofing Applications
— NIST’s 35 kW Grid-Connected PV System

= How Much Energy Can | Produce ?
Lack of Validated Tools to Predict PV System Energy Production

* Solution - Improve/Validate Performance Prediction Models
— Partners: David King - Sandia National Laboratories, Mike Pelosi —-Maui Software

= Am | Receiving What | Paid for?
Uncertainty in Module Performance Ratings

* Solution - Stimulate Development of Innovative LED Simulator

— Partners: David Allen — Physics Laboratory, Kang-Bin Chua - Physical Optics
Corporation N STy

* Solution - Reduce PV Module Power Rating Uncertainty Associated with<Convantiona,
Flash Simulator

— Partnerce: Howard Yoon — Phveice | ahnratory



Performance Data/Predictive Performance Tools

NIST’s Building Integrated Photovoltaic Program

mCharacterize Photovoltaic Panels : G
= Temperature Coefficients %;;fg wetzorologis m} oSmIC“TdJkg;Mlbt;
mIncident Angle Response -  Comuier
mAir Mass (Solar Spectrum) Response
mPerformance at Rating Conditions [ euilding integrated )

aMeasure Photovoltaic Panel Performance s amanc \

(:* / rp ‘r) 4 Refine

m\ertical Facade
Agreement g ?“ ——{| Simulation

=Residential Roofing - i
=Commercial Roofing N | ves

Building

m5 Minute Data Collection Internal e e
mMeasure Meteorological Conditions

m\/ertical Irradiance

mHorizontal Irradiance
mRun Simulation Model

sCompare Predicted to Measured Results NSy
. caladlwiidig
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PV Panel Characterization -NIST Solar Tracker




Maximum Power Current vs Temperature
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Short Circuit Current vs Air Mass

Clear Sky Only
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Incident Angle Function

12

11

1he "o w4 T VW LY @IA:A.AQ.éAI'
0.9
0.8
0.7 .

0.6

0.5

0.4

Relative Normalized Short Circuit Current (-)

0.3

0.2 T T T T T T T T
0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00

Incident Angle

= NIST 20341 A SNL 002082

NSy
- National|[ns1iureter
Standurdsiand [echnology



Vertical Wall Test Faclility
Test Configuration — 2004

= Vertical South-Facing Facade BIPV Installation
* Gaithersburg, MD (Latitude 39.1, Longitude 77.2)

= 12 Month Comparison
* January 1 - December 31, 2004
* 5 Minute Data Collection Interval

m Various Cell Technologies and Glazings
* Monocrystalline with Glass

* Polycrystalline with . ll ll
H EH W

g oy

— Glass
— Tefzel
— Kynar
* Tandem Junction with Glass
— With Extruded Polystyrene Rear Insulation (3.5 m2 -K/W)
— Without Insulation
* Copper Indium Diselenide
— With Extruded Polystyrene Rear Insulation (3.5 m2 -K/W)
— Without Insulation NISTE

_ Naotidnall[rstitetelst )
Sfondordsiond TethnBlogy]




PV Design Pro Simulation Tool
Sandia National Laboratories/Maui Software/NIST

P¥-DesignPro-5 v6.0 Standalone Photovolt.

Energ

=10l

PW System Files... Help... ‘Window
Climate | Shading Load PY Array | Wind Wiring | Battery | Backup | Inverter | Calculate
iy ] 3| 5

Latitude: IW
Longitudes | 772171 |
Stan. Merid: | 75
Elevation(m): IW

-~ Irvadiance Calculation

Use Measured Horizontal
Irradiance

o Lse Measured Wertical
Iradiance

i~ Diffuse Inadiance

o Use Measured Diffuse
Inadiance

Caleulate Diffuse
£ Iradiance
[GHR-DHR¥cos(AOT)

i~ Temperature Calculation
+ Use Sandia Calculated
Module Ternpetature

- Use IMeasured Module
Temperature

- Select Panel

{+ Panel &
("~ Panel B
" Panel C
(" Panel D
i Panel E
("~ Panel F
" Panel G
" Panel H

ASCII Input File Data Delimiter

£+ Tab (Sutput file will contain only comma delimiters))
£~ Gornma (Qutput Ale will contain anly comma delimiters,)

|
Input File |(INPUT FILES)YMonthly Continuous Data’5min_Avg_PSPCOR_NS_D102.kxt

—Select Sutputs

[ HorExtraRadl_mz
[V DitgeamRadW_mz
[v SolarDeclinationDeg
v EquationofTimaMin
[V SalarTimelin

¥ HouringleDeg

[ SolarzimuthDieg
¥ ModuleSlopebieg
v Anaytzimuth

|v AngofincidenceDeg
[ ZenithAngDeq

[¥ RaticBeamRad_Rb
¥ RadOnaray_mz
¥ AnayOperdoltage
¥ PuCelTempel
[V Absaifdass

v Fi_Aida

v F2_mo1

|7 Inc

v Imp

[v [Wac

[V wmp

v Frop

W FillFactar

v Ix

v Lux

W Araydmps

¥ ArvayPotentialid

v Araytil

v ArayPowerEficency

Qutput File ||T FILES)'A_5Smin_Avg_PSPCOR_0102_a.b.d(tc)COR_PEREZ_YIMDPT.Ext

Run Simulation

E PY System Array Configuration

I 1 Mumber of Parallel Module Connection Strings
I 1 Mumber of Modules in Each Parallel String

Module Area {m)

Isc (Shark Circuit Current)

Wac (Open Circuit Yaolts)

Imp (Max Power Point Current)

Wmp (Max Power Point Yolts)

ulsc Ak (Temp. Coefficient of Current)
uvoc Wik (Temp. Coefficient of Voltage)

Diode Idealty Fackor

“ Mumber of Cells in Series per Maoduls
Mumber of Parallel Cell Strings per Module

P Module
[ratabase

MPPT

Dravice

Array

Tracking
b Dreraternents

Methad

« |

Array Parameters

Tapical I-¥ and
P-¥ Curve

|- Curve at
200 -1000 tWwimz

|-V Curwe at
26 and 50C

Max Fower at
26C ro 60C

~|

<]

*

| 2002 SouthWall.p¥s

[ 0.000%

|0.000




Annual Efficiencies — NIST Vertical Wall Test Facility

Poly-Si, Mfg #3, Custom, Kynar
Poly-Si, Mfg #3, Custom, Tefzel
Poly-Si, Mfg #4, Custom
Poly-Si, Mfg #3, Custom, Glass
Mono-Si, Custom, Rnd 2
Mono-Si, Custom

CIS

Poly-Si, Mfg #1, Custom
Poly-Si, Mfg #2B, Custom
CdTe

Triple-Junction a-Si

Poly-Si, Mfg #2, Custom

Tandem-Junction a-Si

CIGS

All Insulated Panels
Sunrise to Sunset

Based on Coverage Area

Annual Efficiency (%)



Annual Energy Production — Measured and Predicted
NIST’s Vertical Wall Test Faclility

Single Crystalline

Polycrystalline w/ Glass Glazing

Polycrystalline w/ Tefzel Glazing

Polycrystalline w/ Kynar Glazing

Tandem Junction Amorphous (Uninsulated,
Initial Characterization)

Tandem Junction Amorphous (Insulated, Initial
Characterization)

CIS Modules (Uninsulated)

CIS Modules (Insulated)

Tandem Junction Amorphous (Uninsulated, 2nd
Characterization)

Tandem Junction Amorphous (Insulated, 2nd
Characterization)

Measured vs. Predicted Annual Results

0 10 20 30 40 50 60 70 80 90 100 110 120
Energy Production (KWh)
O Measured B Predicted - Vertical Irradiance O Predicted - Horizontal Using Perez et al. Radiation Model ‘

130 140

NI ST
. National|[rstitetete!
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Photovoltaic Roofing Test Faclility

Residential Roof Test Facility
Residential Roofing PV Products (Tiles, Slates, Shingles)

mPoly crystalline

mMono crystalline

mMono crystalline with Back Contacts
mTriple-Junction Amorphous Silicon - Tefzel

Commercial Roof Test Facility
Commercial Roof PV Products
mMono crystalline with Back Contacts —Tefzel
mMono crystalline with Thin Amorphous Layers
mTriple-Junction Amorphous Silicon - Tefzel

NI ST




Efficiencies Associated with PV Roofing Products

BIPV Panel Conversion Efficiency (%) - Int. #1

18.0%
17.0%
16.0%
15.0%
14.0%
13.0%
12.0%
11.0%
10.0%
9.0%
8.0%
7.0%
6.0%
5.0%
4.0%
3.0%
2.0%
1.0%
0.0%

Monthly Photovoltaic Roof Test Facility- September 2006

B C D E F
Roof PV Test Cell ID

NSy
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NIST Administration Building’s PV System




S PV System

Building

NIST Administration
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NIST Administration Building’s PV System
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NIST Administration Building’s PV System

14.0
4‘

12.0

10.0

10.7
11.3

8.0

8.8

6.0

4.0

Conversion Efficiency (%)

2.0

0.0

~ Cell Area

Module Area
2002 2002 0T Jul Aug Sep
2002 2002 Oct

2002 ,g00 U‘“ .J[:-II
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NIST Administration Building’s PV System

450

m On-Peak Demand
O Max. Demand
B Energy

400 -

350 -

300

N
[
o

Economic Savings ($)
N
o
o

63.33

150 -

56.71

100

1.7y

50.10

132.77

50 1

94.84

54.47

O T T T T
Nov 2001 Dec 2001 Jan 2002 Feb 2002 Mar 2002 Apr 2002 May 2002 Jun 2002 Jul 2002 Aug 2002 Sep 2002 Oct 2002
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NIST Administration Building’s PV System

m Costs
e $239,945
* $6.86 per DC Watt

s Benefits

* Total Annual Electric Utility Savings = $2578.65
— $607.57 Peak Demand
— $615.81 Maximum Demand
— $1355.27 Energy

* Annual Avoided Emissions
— 321 kg SO,
— 134 kg NO,
— 52.6 metric tons CO, e

* Corporate Image SR

Stondordsand [Jochr 1#



Indoor Testing Challenge

«Difficult to Replicate Outdoor Spectrum

*PV Cell Performance Function of Spectrum

22[]0 = global reference —  12-7-99 320.4hr
— 8.13-96 133 hr 8-7-03 330
2000 F 3.28.97 170, Thr 1-19-04 406 hrs
— 41797 2055 n 3.18-04 7 hi
= 1800 1-21-98 400, Thr 7-280M4 96.8hr
n? 1600 — 4.20.99 5.28.05 2014 hr
£ 1400
z
Sé 1200
-TE_: 1000
i
= B00
_T_::
g 600
@ 400
200 [/|

¥
|

(Y e
300 400 500 600 700 800 900 1000 1100 1200 1300

Wavelength (nm)

“If NIST could improve the methods used to rate
PV modules it could have a dramatic impact on

the PV industry”

-Juris Kalejs, RWE Schott Solar,

Vice President of Research

Spectral Response (A/W)

First Solar CdTe, 3/01
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:jz ]/’"“ B X
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Absolute Spectral Response (A/W)
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04/18/03 10:44 AM Wavelength (nm)
NIST Sharp-1 mc-Si Spot2

1050 1150

Bias on. Bias current: 92.1[mA]; Cell voltage: -14.334[mV]




NIST Long-Pulsed Solar Simulator Specifications

m |EC Standard 60904-9 Class AAA
Simulator

v’ Spectral match: 0.75-1.25 for 6 “B-intervals
v" Irradiance non-uniformity; < +2 %
v" Irradiance temporal instability; < +2 %
s Flash Plateau: 30 ms
v IVscaninterval: <1ms
v’ Variable scan delay : 1-12 ms

= Irradiance Range: ~ 500 - 1100 W/m?

s Maximum irradiated area: 2.4 m
diagonal

s Spectral composition filters
s Constructed 12/2006 — On Tour




Solar Simulator Components

=

'/f s ~——
P e e
“ = Optical Assembly Shutter/Filter

Xeon Lamp Assembly —' {
Spectroradiometer




Conceptual LED Simulator Design

‘-

W@

\Collimcﬁng

/Yns

Expanding
I lens

|

'_.u.f'

Photodiode for
optical feedback

15cm

15cm

L
\

Hologram

3
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|
— | |
| - ;r_-dt-‘:’.’ﬂl.
e =
=

HOLIOS
illuminating panel
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Conceptual Design of LED Simulator
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Summary

= Photovoltaic Industry is Experiencing Rapid Growth
* 1998 - $1.5 hillion
* 2020 - $27 hillion

= Building Integrated Photovoltaics
* Distributed Energy Production
* Architecturally Clean
= Barriers
* High Initial Costs
* Uncertainty in PV Module Power Ratings
* Lack of Performance Data and Predictive Tools

= NIST's Program is Providing
* Performance Data NS
* Validated Performance Prediction Tools )

StondordsTond [Tethn 1#

* Tools/Equipment/Procedures to Address Uncertainty Issues



Thank You for Attending!

Enjoy the Tour

= Additional Information http://www.bfrl.nist.gov/863/heat_transfer _group/index.htm

e el

My Dad and | after installing
solar hot water system at my parents
home. Provided hot water for the next 26

years!

June 1978 — Suffolk, Va.
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