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Outline

Current vs. Voltage Measurement Theory
* Basic PV operation, Equivalent Circuit
* [-V functional dependence

* Concept of Spectral Error

PV Power Performance

PV Measurement Artifacts
Intercomparisons

Alternative rating methods

June 19, 2011 37th IEEE PVSC, Seattle



PV Current vs. Voltage

Equivalent circuit PV cell Block diagram IV system
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Current (A) or Power (W)

Module Current vs. Voltage Characteristics
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Standard Reference (Test)

Conditions
Continuous Illumination,

25 ° C Junction Temperature,
1000 W/m? Total Irradiance=1-sun,

ASTM G173 Reterence Spectrum
(direct only for concentrators)

Area definition for efficiency (mesa
area minus peripheral bus bars)

June 19, 2011 37th IEEE PVSC, Seattle
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Reference Spectra
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To be uniquely specified: E A
P, .. 1s the maximum electrical power produced when illuminated standard
reference (test) conditions given by:

25° C junction temperature, 1000 Wm total irradiance,

IEC 60904-3 ed. 2 or ASTM G173 global reference spectrum
A 1s the total area of the device including contacts and

peripheral bus bars
E, . 1s the total irradiance at standard reference conditions, 1000 Wm?

TRE I Epy( J. Eg(
M =
I'“°M f
Where:
Reference (photon flux) spectral 1rrad1ance EpAL)
Simulator (photon flux) spectral irradiance, E(l )

Reference (Quantum efficiency) spectral responsivity, S Re/(t )
Test cell (Quantum efficiency), S T(L )

June 19, 2011 37th IEEE PVSC, Seattle 8
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»Y Multi-junction IV theory

* Areference cell ( jz.®) for each junction is required.
« The reference cell should ‘match’ the spectral response of that

junction. s _ JRIR
MI
IRz,S — 1R2 -
MZ
® o ®
® o ®
® @ ®
JRneS I*"
M

Calculate M, using the composite spectrum
Adjust source(s) until the above equations are true
Recalculate M, to verify that mismatch has not changed

e Measure the I-V characteristics
June 19, 2011 37th IEEE PVSC, Seattle



Multijunction Fill Factor vs.
Photo-current ratio
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QE or Reflectance (%)
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Efficiency (%)

Improvements in Cell Efficiency

Best Research-Cell Efficiencies
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Accredited Calibration Labs

ISO 17025 accredited and WPVS Recognized Primary
Cell calibration Facility (NREL, PTB in Germany, ESTI
JRC in Ispra, AIST in Japan)

NREL, AIST and Fraunhofer ISE are the only available
ISO 17025 certified lab in the world with proven
proficiency through >20 years of intercomparisons for any
PV cell design or technology.

VLSI standards and Newport Oriel certified for secondary
reference cell calibrations. Intercomparisons with Si
wafer, Organic, and various reference cell packages

UL, ESTI, TUV, JET, and FSEC and many other module
qualification labs around the world are ISO 17025 certified

for module calibrations
June 20, 2010 37th IEEE PVSC. Seattle 13



Outline — Irradiance Sensor

Current vs. Voltage Measurement Theory
PV Power Performance
* PV Irradiance Sensor
* Simulators
* Commercial and Generic I-V systems
* Contacting
PV Measurement Artifacts
Intercomparisons
Alternative rating methods

June 19, 2011 37th IEEE PVSC, Seattle
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Reference Cell Packages

K. Emery and R. Smith, “Monitoring System performance, Proc. PV Module Reliability Workshop”, Feb. 11, 2011

 Encapsulated

« Temperature sensor attached or other means to correct
for temperature

« Packaged cell or cell in module package

37th IEEE PVSC, Seattle 15



PV lrradiance Sensor

Reference Cells in metal package

Uncertainty in measuring the total irradiance of = 1.5% provided that
I, Is temperature corrected and size is less than 2 by 2 cm

Corrects for spectral effects to the reference spectrum. Exact correction
if relative quantum efficiencies of reference and PV system identical
Multiple intercomparisons among ISO 17025 accredited calibration labs
suggest uncertainty less than 2% for Si reference cells at25° C
Short-circuit temperature coefficient of Si is 500 to 850 ppm/°® C
depending on spectra measured under. In systems the temperature
range may exceed 60 ° or a 3% error in irradiance if temperature not
corrected for.

Regression analysis of field data has a lower mean square error (less
noisy)

Time constant comparable to PV

Temperature can be controlled potentially giving lower error in
calibration

June 19, 2011 37th IEEE PVSC, Seattle 16



PV Irradiance Sensor

Cell in Module package
« Angular response similar to PV in system
« Quantum efficiency closer to module because
packaging similar
« Thermal characteristics similar to PV system

 Slightly higher uncertainty than small area cells.

June 19, 2011 37th IEEE PVSC, Seattle
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Concentrator reference cell

Desirable features packaged isotype cell for each junction
with an integral reverse bias protection diode rated for
operation above the maximum desired intensity.

contac

i " e An isotype cell has all layers above
(AORFICAI WV / and below it be the same

AGa(in)As Cell 2 semiconductor type. This shorts all
—— 1H_/ other cells in the device but
[ Ctmascers oo 4| preserves the optical properties.
R — / This gives the 1sotype cell almost
EB—===—" 7 |the same QE as the corresponding

junction in the multijunction cell.

L4

June 19, 2011 37th IEEE PVSC, Seattle



Pyranometer

« Wide range of uncertainties depending on how calibrated
(indoors using a sphere vs. outdoors, how mounted, and if
corrections for temperature and angular response applied

* 1.5 % to >5% for WMO first class, potentially >20% for
other units.

« “WMO GUIDE TO METEOROLOGICAL INSTRUMENTS
AND METHODS OF OBSERVATION”
http://www.WMO.int/pages/prog/www/IMOP/publications/C
IMO-Guide/CIMO_Guide-7th_Edition-2008.html

« Uy; for pyranometer calibration at NREL on a horizontal
surface =3 to 4% depending on multiple factors. Often
different from indoor based calibrations by over 5%.

June 19, 2011 37th IEEE PVSC, Seattle 19



Pyranometer

Calibrated outdoors with respect to incident spectrum so
the calibration is not with respect to a reference spectrum.
The spectral error for Si pyranometer larger then for
thermopile based units.

Si reference cells calibrated with respect to a reference
spectrum can be more accurate than pyranometers even
with .

Usually calibrated on a horizontal surface. Calibration
varies with tilt angle.

Calibration dependent on cable orientation. Cable should
face to north away from sun in northern hemisphere.
Manufacturers often calibrate indoors with integrating

sphere against a reference pyranometer.
June 19, 2011 37th IEEE PVSC, Seattle 20



NREL Single Day Pyranometer Calibrations 2 degree bins
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Leveling Error

How closely must irradiance sensor be aligned to PV array?

What is impact of modules misaligned with respect to each other?
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Outline — Simulators

Current vs. Voltage Measurement Theory
PV Power Performance
* PV Irradiance Sensor
* Simulators
* Commercial and Generic I-V systems
* Contacting
PV Measurement Artifacts
Intercomparisons
Alternative rating methods

June 19, 2011 37th IEEE PVSC, Seattle
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Cell Solar Simulators
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Module Simulators

..... -
flash lamp \ ______________________________________________________________
b A Baffles to eliminates
_______________________________________________________________ reflections from floor, wall, Module

- Teetting—

Baffles & filters |e ' ------

25 kW Xe bulb
G Modul
Optics
June 19, 2011 37th IEEE PVSC, Seattle 25




Simulator Classification
ASTM E927 or IEC 60904-9

Spectral | Nonuniformity| Temporal
Classification | match in | of Irradiance Instability

Intervals (%) Short | long
Term | term

(h) | (%)

A 0.75- 2 0.5 2
1.25

B 0.6-1.4 S 2 S

C 0.4-1.2 10 10 10

Notes: ASTM only long term instability.
ASTM class C spectral match intervals 0.4 to 2.0.

ASTM for >30 by 30 cm 3% nonuniformity allowed for class A.
June 19, 2011 37th IEEE PVSC, Seattle 26




Simulator Spectral Classification

Percentage of the total irradiance in the 400 to
1100 nm wavelength range (300-1400 nm for

AMO)

June 19, 2011

Wavelength| Direct Global |Space
Interval
(MmM) AM15 | AM15 | AMO
0.3to 0.4 Not Not 8.0
Specified | Specified
04t00.5 16.9 18.4 16.4
0.5t0 0.6 19.7 19.9 16.3
0.6 to 0.7 18.5 18.4 13.9
0.7t0 0.8 15.2 14.9 11.2
0.8t0 0.9 12.9 12.5 9.0
0.9to 1.1 16.8 15.9 13.1
1.1t01.4 Not Not 12.2
Specified | Specified

37th IEEE PVSC, Seattle
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Spectral error (M)

Simulator Spectral Classification

* Spectrum changes with Bulb age — larger for continuous then pulsed
simulators

* For flash and filament simulators the spectrum changes with lamp voltage

* For may short pulse simulators the spectrum changes during the flash
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Simulator Temporal Instability

3

maxlrradiance — min Irradiance
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Simulator Spatial Nonuniformity

Nonuniformity(%) = [

cm a2
40-
38
36

maxlIrradiance — min Irradiance

maxlrradiance + min Irradiance

Shadow of
bulb mount

012345678 9101112131415161718 1920 212223 242526 272829 3031323334 CIN
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Simulator Spatial Nonuniformity
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P Simulator Spatial Nonuniformity
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%

Spatial Nonuniformity Pixel size

ASTM E927 — >36 equal area pixels. Pixel area * number of pixels
must be > 25% of test area. detector no larger than pixel.

IEC 60904-9 — >64 equal area pixels. Maximum detector area 1s
test area divided by 64 or 400 cm?.

Word of Caution: For module simulators Class A spatial
nonuniformity might not be good enough. This 1s especially
true for simulators where the bulb 1s close to the sample. This
can be an 1ssue for thin-film modules where the cells can be
long and narrow because the nonuniformity map will average
over small area variations.

June 19, 2011 37th IEEE PVSC, Seattle 33



Outline — I-V Systems

Current vs. Voltage Measurement Theory
PV Power Performance

* PV Irradiance Sensor

* Simulators

 Commercial and Generic I-V systems
* Contacting

PV Measurement Artifacts
Intercomparisons

Alternative rating methods

June 19, 2011 37th IEEE PVSC, Seattle
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Features in |-V System

* Lowest uncertainty — (Calibration lab) Voltage
and currents measured to 0.02% accuracy. So out
of tolerance 1s not a significant error source
(>0.1%).

* Standards call for V, /. measured to 0.02%
resolution, 0.1% accuracy!

* Fast testing (production)

* Flexibility for all possible current and voltages
and not just what 1s currently being evaluated

* Lowest Random error (Reliability and other
studies where % change vs. time 1s measured

June 19, 2011 37th IEEE PVSC, Seattle
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Features in |-V System

* Ability to control premeasurement history
including bias point and light level

* Control over sweep rate to make arbitrarily slow
and the ability to sweep 1n both directions.

 Management of data
Save data to a data base versus save data to a directory
and individual I-V files that can be imported 1nto a
data base.
Automatic file naming vs. user selected file names.

* Ability to examine and modify the source code to
meet changing needs.

June 19, 2011 37th IEEE PVSC, Seattle 36



NREL |-V System Features

* Measure resistance between voltage and current on IV
systems to verify a good contact before testing. Manually
measure with ohm meter for commercial systems,
automatically or manually for custom systems.

* Hardware is PV polarity independent — use sign on V.
to determine polarity and bias ranges.

* High and low current and voltage connections to device
are 1solated from ground. Shielded twisted pair or coax for
connections to sample with the shield tied to ground. This
gives you 1 free pass for a stealth ground. Commercial
system usually make the low negative and tie 1t to ground.
which require

June 19, 2011 37th IEEE PVSC, Seattle 37



-V Systems

Strengths Weakness features examples
Commercial | software easy | limited max. current | bipolar Keithley 24 XX
SMU to use , <few hundred operation Agilent 4155
watts nAto A
Commercial | wide range of | limited number of | | unipolar, Amrel PEL150
Load max | &V, W or V ranges small Agilent N3300
to many kW box,
Commercial | easy to use few can do light ready to | Abet, Atonometrics,
PV tester and dark. User | go for PV Daystar, EKO,
interface light I-V | Wacom, Spire, Nat.
predetermined Instruments, PV
Measurements
Capacitive small foot power quadrant mW to Daystar, PV
load print only, 0 to Voc bias | >100 kW Measurements,
direction custom circuit
Custom complete difficult to maintain Any Calibration labs
flexibility in | code. No customer | desired
software, | &V support features

June 19, 2011
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NREL PV System Monitoring

Meteorology

K. Emery and R. Smith, “Monitoring System
performance, Proc. PV Module Reliability
Workshop”, Feb. 11, 2011

June 19, 2011 37th IEEE PVSC, Seattle

DC

Disconnect l

Utility-
Interactive
Inverter

* Module Temp
AC * Ambient Temp

Disconnect

* [rradiance

Network

v

Utility Grid
Or Load

Data Acquisition System
40



IEC 61724 “Photovoltaic System Performance Monitoring —
Guidelines for measurement data exchange and analysis”

Meteorology Energy storage
Total irradiance, in the plane of the Operating voltage
array Current to/from storage
Ambient air temperature Power to/from storage
Wind speed . _
Photovoltaic array Utility grid
Output voltage Utility voltage
Output current Each phase - Current to/from utility

Output power
Module temperature
Mounting / tracker characteristics

grid

Power to/from utility grid

Load Back-up sources
Load voltage Output voltage
Load current

Output current

Load power
P Output power

June 19, 2011 37th IEEE PVSC, Seattle 41



System Level Testing

AC or DC power measured at inverter
* ac or dc current and voltage transducers
* data logger
* Pyranometer (prevailing) or reference cell giving first
order spectral correction to reference spectrum
* [-V curve of system
* Typically a capacitive based IV system because the
system can be damaged by holding it at OV for an
extended period of time. Daystar and others
manufacturer units rated to 50 kW.
http://www.zianet.com/daystar/

June 19, 2011 37th IEEE PVSC, Seattle
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IEC 61724 "Photovoltaic System Performance
Monitoring — Guidelines for measurement data

~exchange and analysis”
« Total Irradiance —

Measured in plane of array
Uncertainty including including Instrumentation < 5%
Pyranometer
Reference cell or cell in Module Package or Module
(IEC 60904-2)
 Ambient Temperature —

« Representative of Array Location

« Uncertainty including Instrumentation <1° C
« Wind Speed —

« Measured at Height and Location Representative of

Array

« Uncertainty including Instrumentation < 0.5 m/s for
Speeds < 5 m/s, and <10 % of the reading for Speeds >
5 m/s

June 19, 2011 37th IEEE PVSC, Seattle 43



IEC 61724 "Photovoltaic System Performance
Monitoring — Guidelines for measurement data

exchange and analysis”

 Module Temperature —
« Measured on back of 1 or more modules in representative of
location
» Uncertainty including Instrumentation <1° C
* location on module given in IEC 61829 method A (center of
back surface of module in center of array field)
. g)ased upon V. and equivalent Cell temperature (IEC 60904-
« Voltage and Current —
e acandordc
* Uncertainty including Instrumentation < 1% of reading
 Power
« DC Calculated based upon instantaneous and not averaged
readings or directly measured with wattmeter
* AC power accounts for power factor and harmonic distortion
* Uncertainty including Instrumentation < 2%
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System Monitoring Recommendations

Measurement 5-sec scans into 1-min
Interval averages

Analog Signal High quality PTFE Jacket;
Lines Shielded w/ drain wire
Outdoor Rated for the environment;
Connectors Use of protective boots.
Equipment

Temperature -55° Cto85° C

Ratings

15-minute data (standard) cannot capture many
system issues; 1-minute data provides the resolution
needed for capturing transient system events such
as inverter shutdown. 1-minute data also supports
analysis which require more data points
(degradation rate calculations, for instance). With
the cost of hardware and storage decreasing there is
no reason to avoid 1-minute (or sub-minute) data
collection.

Experience has shown that PTFE jacketed signal lines
are less susceptible to noise when going between
different temperature environments. Also, PTFE has
superior resistance against weather (UV, moisture,
temperature) when used outdoors.

Use all means to limit connector corrosion. Sunlight
resistant boots must be used; unrated boots can
crack and actually trap moisture within the
connector housing.

Equipment enclosures can see dramatic
temperatures, especially if exposed to direct
sunlight. Equipment must handle these extremes.
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System Monitoring Recommendations

Enclosure
Locations

Thermocouple

Attachment

Inspection
Interval

Calibration
Interval

June 19, 2011

In the shade

Clean location and hands;
Silicone adhesive;
Round shape

Visual checks quarterly

End-to-End Calibration
Annually

-Ambient temp above

15° C

-Wind speeds below 3 m/s

Direct exposure to sunlight can raise the interior
temperature of an enclosure dramatically.

Silicone adhesive has withstood outdoor testing very well.
Limit contamination of the adhesive by cleaning the
attachment location (w/ IPA) and your hands. Avoid
touching the adhesive by using tape with a split carrier film.
Square corners are prone to lifting; round dots limits lifting.

Check for:

1)Thermocouple detachment or tape embrittlement
2)Damage to exterior sensors (pyranometers, ambient
temp sensors)

3)Evidence of moisture or vermin in enclosures
4)Loose connections at DAS / sensors

Bench calibrations are done in an atypical environment
(indoor is not equivalent to outdoor conditions). Calibration
equipment can be affected by the surrounding
environment. Limit temperature extremes and high winds
which may cause offsets in the calibration hardware. End-
to-end calibrations are necessary to limit uncertainties and
systematic errors.

37th IEEE PVSC, Seattle 46



Outline — Hardware

Current vs. Voltage Measurement Theory
PV Power Performance

* PV Irradiance Sensor

* Simulators

 Commercial and Generic I-V systems
* Contacting

PV Measurement Artifacts
Intercomparisons

Alternative rating methods

June 20, 2010 37th IEEE PVSC, Seattle
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Probing to thin-film Cells

Examples of cells with large distance between contact and cell

Back metal surface is resistiv.
a-S1 deposition. Must physf
remowve to expose bare metal

g I

Mechanical scribes, sputter or
chemical etch for gell 1;01at _Q_n

TCO defines cell area even though
PV whole surface active. Assumes
0 diffusion length or infinite sheet
resistance.

Silver paste will increase
resistance with time.

" Adds to cell area?
June 20,2010 B & B 37th IEEE PVSC, Seattle
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Problng to Cells

i.rw. . m—
TN

Point Radius

MR

Crown
3.00
= R )
E - WRe
= 250 |.-#---BeCu
S 2
g v
5
-— e I|,.
] o .
A E ._::z =
> 150 Fa ='
a0 = .
@ 2 o
b atnen”
/ s 100 e
K= nzaez ey
.'? .__..:::I::.ii""ll
H 205 --"q'-:ii.—"""
(=% _-:I-_'_:...
£ &
<L
00
07 1.0 1.5 2.0 25 30 4.0

\

AN

Tip Diameter (mil)

Accuprobe (http://www.accuprobe.com/) tips are used because of the
large range of diameters (12.7 to 381 microns, 0.5 to 15 mils) and come
assembled with wires for current and voltage
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Voltage Probing to back of wafer

* My preference 1s for N1 or hard Au plated vacuum plate / chuck
with a voltage probe. Cleaned with DI water and submicron polish

For voltage we use;

Interconnect Devices | | -
www.1dinet.com e n i Rf,w & Cp—

Everett Charles Technologies . e T J

http://www.ectinfo.com “’h i |
Low force (approx. 1 0z.) e
spring, single- or multi- “‘" ey l
pointed tip. Use of T
receptacle makes drop in o

R comman d rd Wire
24.78 goge

replacement possible and

height can be adjusted by e

isi ' 7z
raising / lowering s il s | f:';f:“"* z'::;-:'ﬁzz*‘f::;: |
receptacle. g s
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Probing to back of wafer
top of plate

- M < ~
f/’ B Everett Charles pogo part
o B CSP-25LCBC
Temperature l{ . _,__ o0
controlled Vacuum < & 4
Plate | A
e.-*-’f_-\. 7 >

receptacle
mounted 1n
%__ plastic sleeve

- wire for V senseg@*- |
o
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Probing to Wafers

I: -: 1 |II I”“Hiu L

Current
probes 1 cm
centers

Voltage

Probe shading will
differ between groups
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Probing Si Bus bar

6” wafer, 30 mA cm2, vs. number of probes
0 5 - - -

[r— -2_
-
E
(=
=
=
® 4
o
S
O
=
—4 Pin
-6 — PN H
—6 Pin
-8 Pin |
— 13 PIn
-8 — ¥ =+ 3 * I * I ~ 1 T I * T !
0 20 40 60 80 100 120 140 160

Distance [mm)]
J. Hohl-Ebinger, D. Grote, B. Hund, A. Mette, W. Warta, “Contacting Bare Solar Cells For Stc Measurements,” 23rd
European Photovoltaic Solar Energy Conference, 1-5 September 2008, Valencia, Spain
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Contacting - single vs. dual current
Goal Simulate zero sheet resistance (superconducting) bus bar

m— Single current Pin

Distance [mm)]

Dual current Pin |

Distance [mm]

DD ! | T ! i DD T T T T
0.2 -_/ 0.2-
0.4 " 3 4 0.4-
S ot
E -0.6 1 E -061
-l 1 o 4
O -0.8- " . S 08-
- ] I. .l _E . |
) ' . 4
g k. o g -10;
o .19 . . 1 =
S 121 - N4 S -1.2-
-1.4 1 n R 4.4
-1.6 T T - T T L -1.6 - T T T T
0 3 6 9 12 15 0 3 6 9 12

Potential distribution for a single current pin and a dual current pin with a period of 15
mm. Distance to the voltage pin 3 mm. Current pins are yellow and voltage pins are black.

J. Hohl-Ebinger, D. Grote, B. Hund, A. Mette, W. Warta, “Contacting Bare Solar Cells For STC Measurements,” 23rd
European Photovoltaic Solar Energy Conference, 1-5 September 2008, Valencia, Spain
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Probing to Si Cells

||I|I||||1T”||.
|||““|||II 111

|,I'|"||I,I'I *ﬂ'llllll H “\mllllllllll llﬁl l._'L'n.

[ fT [
L i"l *! I"J ]’ lp I~ wlod s i
http://www. halm de/ NREL Custom

Removable multipoint probes to facilitate replacement
and to accommodate different wafer sizes
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Probing to Si Cells

......n i I‘IIIIIIHI'

Removable multlpoint probes to facilitate replacement

and to accommodate different wafer sizes
June 20, 2010 37th IEEE PVSC, Seattle 58



Back Contact cells

Probe Fixture is designed for a specific metallization pattern

Hardened gold plated
leaf springs. Separate g
voltage and current
contacts collocated

Multiple slots and holes for vacuum hold-

down. Tradeoff with temperature control
June 20, 2010 37th IEEE PVSC, Seattle 59
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Outline

* Current vs. Voltage Measurement Theory
PV Power Performance
* PV Irradiance Sensor
* Simulators
* Commercial and Generic I-V systems
* Contacting
* PV Measurement Artifacts
* Intercomparisons
* Alternative rating methods

June 20, 2010 37th IEEE PVSC, Seattle
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Artifacts

Device Fabrication and Processing

Adjust the electrolyte achieve a greater voltage at expense
of life.

High initial efficiency can be achieved for amorphous
silicon by adjusting the 1-layer thickness with same
stabilized efficiency.

The most common processing change or package design
that results in an artificial increase in the efficiency is to
have current collected outside of the defined area.
Reported module efficiencies may not reflect short-term
degradation because of the encapsulant or intrinsic
processes.

Unstable AR coatings

Sample unstable 1n air

June 20, 2010 37th IEEE PVSC, Seattle
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Metal

é Encapsulant { ;'jgﬂf‘%: TC0 Znol |TO o ZSUUA
a-5i i) CdS - 700A

No Standard PV Design

CIGS 1-25um

Metal Back Reflector TCO G |a SEIMEFaI FD| I I’
WMMM.M ast| CSs
} Stainless Steel ? Metal o~
7 Ag kN
S8 E\
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Area — Definitions

Cell - The basic photovoltaic device which generates electricity when exposed to
light.

Reference Cell - A solar cell meant for irradiance measurement.

Concentrator Cell - A cell designed for irradiances exceeding one sun.
Submodule - A photovoltaic device incorporating two or more cells meant to
demonstrate photovoltaic material and interconnect technology. It does not need
to be environmentally protected, and it doesn't have to incorporate all aspects of
final product design.

Module - An environmentally protected solar photovoltaic device.

Note regarding encapsulated cells measured at NREL.:

Environmentally protected cells meet the definitions for both "Module" and for "Cell." They will be
referred to as "Modules" in our test reports if their apparent purpose is for power generation or
commercial production, or "Cells" if their apparent purpose is for use as a calibration device.

Environmentally Protected - Capable of surviving without damage: 1. A
fingernail dragged across the front surface of the device, 2. Brief immersion in
water, 3. Exposure to rain for one day, with front or back of device facing up.
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Area — Definitions

Cell Total Area - The total surface area of the electrically active region of the
photovoltaic device, including grids and contacts. External wires and contacts are
not included.

Concentrator Cell Area - The total surface area of the region of the solar cell
meant to be illuminated. This generally does not include the peripheral bus bars.
When testing a concentrator cell with active regions outside the bus bars, these
regions are included in the area measurement or masked off.

Module/Submodule Aperture Area - The total surface area of a module or
submodule, excluding frame. If the module includes an aperture, then the area of
the aperture is used. If the aperture is not a quadrilateral or a circle, then the area
of the smallest quadrilateral, circle, or other polygon is used.

Module/Submodule Total Area - The entire projected area of the module,

including frame and borders, if any. Equal to aperture area in the case of a
frameless module with no aperture supplied.
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Cell Area

Side view

Glass
In solder >t Tk
@RS

Metal ohmic contact——>

Tin oxide coated glass—»

Lateral

PV matcrio— [ |1 curen v

Light piping

Top view

A

In solder

Metal ohmic contact
PV material

Tin oxide coated glass

Vary perimeter to
area ratio to
determine 1f edge
generation or
recombination
significant

High perimeter
to area ratio

Maximum perimeter to
area ratio

Minimum perimeter
to area ratio

Require an aperture if collection outside the defined area

June 20, 2010
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. . Light trapping ..\
_—E— ”"-.
A mono-crystalline  solar, cell's efficiency 1mproves when
encapsulated ' because the encapsulation utilizes a white border
providing additional light to the cell via internal reflections.

Aperture  Border Voc Isc FF Efficiency |

3 area, cm mm mV A %

I unmasked ~ 6033 1346 60.63 141 |

' 82.8 32 602 4 1.298 61.39 13.7 5'5
64.0 21 601.7  1.265 61.36 13.3 \
51.8 13 600.8 1.222 61.86 13.0 '
37.2 2 597.8 1.147 62.39 12.2 \

348 0 5978 1095 62 95
LLLLLLL Ll lll III-q

|Hl||lll||||IIIIIII IIIII'|I||"'|||"I

30% boost in Isc from light outside cell area
because eell coated Wlth silicone
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Aperture	Border	Voc	Isc	FF	Efficiency

area, cm2	mm	mV	A	%

_______	_____	_____	______	_____	____

unmasked	--	603.3	1.346	60.63	14.1

82.8	32	602.4	1.298	61.39	13.7

64.0	21	601.7	1.265	61.36	13.3

51.8	13	600.8	1.222	61.86	13.0

37.2	2	597.8	1.147	62.39	12.2

34.8	0	597.8	1.095	62.95	11.8


Artifacts

Procedural

Apply a static charge to the surface of a MIS device to
temporarily charge up an inversion layer.

Bias the device prior to measurement to charge transient states.
Too small of a current contact (grids, junction box, ribbons) ,
resulting in localized cell, cell to probe contact or wire heating,
causing a reduced fill factor.

Reflections off the probes or operators white lab coat causing an
enhanced Isc.

Sense the voltage at a location different from where the current is
collected giving artificially high fill factors

Sense the current at many locations on a device to minimize
losses from a large sheet resistance.

Set the temperature too low.

June 20, 2010 37th IEEE PVSC, Seattle 71



Temperature

Temperature

| | 1
Voo P l

max SC

You can not directly measure junction temperature
Temperature gradient between back surface & junction are
a function of light level, air temperature, wind speed
Sensor error >=£2" C for thermocouple/meter
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V. vs. Temperature

40
bsa ] I
0.32 - Yoc @ 25°C \ AV = Tr; X AT
A sz
03 O
- /_/“ﬁ_ ~
Z - &
© 0.28 + _3
S Fast shutt g
dsSl snuLtLer a
= Max ¥ = Yoo @ 25°C &T (=8
S 0.26 =
> &
Uniblitz 1 ms shutter =
0.24 +
a i 4 - 25
T. Moriarty and K. Emery, “Thermophotovoltaic Cell Temperature
Measurement Issues,” Proc. 4th NREL TPV Conf., Denver, CO,
0.2z + October 11-14, 1998, AIP proceedings 460, pp. 301-311, 1998.
— 4— AL
0.z f t f 20
0 100 - zo0, K 300 400
time (ms)
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External QE (%)

QE vs. Temperature

50 -
| T. Monarty and K. Emery, “Thermophotovoltaic Cell Temperature Measurement Issues,”
_""“ g Proc. 4th NREL TPV Conf., Denver, CO, October 11-14, 1998, AIP
40 \mgs 460, pp. 301-311, 1998.
_ N 45°C
30-
|| The T, 35°C
20 | Temperature
1 | Coefticient .is a|35°C 7 69°C
10— strong function
of spectrum o VW
_ 250
measured under
0 | - T —T
1900 2000 2100 2200
Wavelength (nm)
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QE Artifacts

Response time too slow for chopping

QE without bias light used to calculate 1-sun Jsc or M
monochromatic light nonuniform

Partial illumination vs. complete illumination of sample with
monochromatic beam.

If real time calibrations are used with a grating monochromator
(monochrometer) then the reference detector may see different
polarization then test device.

Signal from the bias light reflected off the chopper will introduce an
error in the QE. — So place the chopper at the entrance slits

Stray light. Increases rapidly in the UV. Normally a bandpass filter
is required for 300 to 400 nm light with a single grating
monochrometer. The light is broadband.

Incomplete filter blocking.

Damaged or improper order sorting filter causing the sample to see
multiple wavelengths of light at a given wavelength setting.
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Slow Response time QE

1 actual desired
0.8 [
0.6 [

0.4 |

ac photocurrent

02 L

_{}‘2...1....I...I..L....I..l..I...l...I..
0O 05 1 15 2 25 3 35 4 45 35
Time

Monitor chopped waveform during QE. Reduce chopping frequency
until square. Higher bias light helps. Effect is greater in IR for some
samples. Noisy contacts also evident in waveform if present.
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Normalized Efficiency

Stability during QE

How do I know cell did not degrade during QE measurement?
Take every other data point going one wavelength
direction and the complementary points going the other

1.0-}; 10fF ¢ | —H [ I =t
o %M i e —_"" o
0.84 % e ' 55 ° 0 i
0.7 ; ikt N
o
0.6 QO @
s 20.6 |- -
‘ 10% llumination © Take data in two directions
Wi |8 CONGRNTE BRAR A _ = Data show drift during measurement
0 50 100 150 200 *g 0.4 - 2 ]
Time (hrs) g
Co2l _
data courtesy Matthew Reese Solar "
Energy Matr. & Solar cells 92 0.0 I | | | | W
(2008) 746 600 620 640 660 680 700nm

Wavelength (nm)
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-V equipment Artifacts

o Bias the device at too large of a rate. Bias rate problems by
measuring the I-V at different bias rates or directions

o Drift in the equipment calibration

o Not correcting for the spectral mismatch error. A spectral
correction 1s required for each junction in a multi-junction
cell or module

o Drift in the reference cell or radiometer calibration. (1 year
minimum calibration interval, multiple reference cells)
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Bias rate & direction

80

T8 |
<76
4:: | Q-cm Si
=74} 2000 Q-cm Si
[,

200 Q-cm Si
72
70

0.1 ] 10 100 1000
Bias Rate (V/s)

D.L. King, .M. Gee, and B. R. Hansen, “Measurement Precautions for High-
Resistivity Silicon Solar cells,” proc. 20 IEEE PVSC, 1988, p. 555.
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__Bias Rate & Direction

115 vy , S —
CIS CdTe
1.10} 110 |
oF 1051 o £ 105}
3| | 3 /
3 e — R . s
: E e
S 0.95 \Forwards S 0.95} Forwards
0.90 0.90
. Sweep-time used L . Sweep-time used
P COREIN B ] v kg o] s P EREREY B ool SO PR Sole Simuiar ) ] - i
1 10 100 1000 10000 1 10 100 1000 10000
Sweep-time t [ms] 115 Sweep-time t [ms]
1.25} [ | a-Si
1.20f c-Si HE2 110
; : _ (double)
_ 145} : ; . -
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- 105} ; o - '
@ : @ z
B 400 " . 2 1,00+ s L i
£ 095 g -
- I B = \
S 090 : Y g 095 ‘Forwards
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0.75 - ' Sweep-time used | | Sweep-time used
i i with pulsed solar simulator | 0.85 . with pulsed solar simulator
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A. Virtuani, H. Muellejans, F. Ponti, and E. Dunlop, “Comparison of Indoor and Outdoor Performance
Measurements of Recent Commercially Available Modules,” proc. 23rd EU PVSEC, 2008, ,p. 2713.
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Bias Rate Artifact

Sweep < 0.03 V/s for this OPV cell

10

ol o
i ~ B

8 E
7 *X

< 0 = 1.7s,0.62V/s '-".,_. “

£ 5| ;

Z 4 + 18, 0.058 V/s ¥

5 3 % 36, 0.029 V/s X

O 2 "
| -0 545,0.019 V/s .5

n

N i
= )
_2 ] i | | ] | ﬂ
02 01 0 01 02 03 04 05 06 07 08 09
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CdTe transients
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Fill Factor

Transients in CIS

No changes in I,

0.7
Bias off, cell Voc teggled bias
¢ools 1o room
069 [ = o temperature [ ]
co nt bia
o constant blag FF toggled bias
. 2Vl
u.ﬁﬂ S imwr [T TSP TR o P [ETSPESSTIRTT s Presve B e
Cell healing 1.5V
due 1o high Py
current flow =
If no bias between
measurements, FF
FF constant bias decays rapidly
u-EE +_..._._.-........._.._.. en e e e LR L P s e T e st e e snmee]
0.6V o7y 08V @ = Bias swctchto%ted”u.zm%
Contineous forward hias ) Little heating occurs
0.65 ' 1 — | |
0 5 10 15 20 25 30 35
Minutes

Fig. 3. Different dark forward bias methods applied to a ccll that had previously been light soaked until the efficiency

stopped increasing,
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What should be done so that a result
can be trusted?

Check J,. from integrated external QE

Participate in round robin/independent verification

Give enough information so others can reproduce your results

Example references that are linear in different intensity ranges

Make sure that cells are not electrically connected (Incomplete mesa
isolation. Any device where the area is defined by the contact and not the
actual PV area can be shorted together at times)

Verify J,. 1s independent of area or perimeter to area ratio

Measure light levels before and after if not during I'V.

Check for hysteresis in JV sweeps

TANDEMS ARE HARD TO MEASURE CORRECTLY. Single junction
procedures for each junction.
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Outline - Performance

PV Theory
* PV Technology
* PV Performance
* Measurement Theory
* Primary calibration
* [V systems
* QE systems
* Multi-junction 1ssues
* Artifacts
* Intercomparisons
* Alternative rating methods
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How do my Calibrations drift from
Year to Year ?
Track All Callbratlons over Time

g 1 = 930216-1
o
= 124 H 11— | |- 930216-2
£ T | e R 1
S 123
S
[02 . .
< | || 10.8% increase in I
ELR21 i | |in 2008 from
2120 1] L8 el e reference spectrum
28258835882 88 E |switchfromASTM
SRS EASRaa 8 S G159 to ASTM
o G173
(@)
E.

Calibration Year
June 20, 2010 37th IEEE PVSC, Seattle 87



Formal Cell

Intercomparisons
PEP’ 84 — ESTI host

H. Ossenbrink et al, 18" IEEE PVSC, p.943, 1985

PEP’ 87 Cells and modules — PTB host

J. Metzdorf et al, 215" IEEE PVSC, p.952, 1990.

ASTM 1992 — NREL host

C. Osterwald, 23" I[EEE PVSC, p.110, 1993

PEP’ 93 Wide variety of cells — NREL host

C.R. Osterwald et al, 25" [EEE PVSC, p.126, 1996
C.R. Osterwald et al, Progress in PV, 7, p.287-, 1999

PEP’ 2000 WPVS Recalibration — NREL host

Keith Emery, " NREL tech. Rep. NREL/TP-520-27942, March 2000

PEP’ 2005 WPVS Recalibration — PTB host

S. Winter, et al, 31t IEEE PVSC, p.1011, 2005.
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Unpublished Informal Intercomparison

NREL PV calibration team required to show intercomparisons to
ISO 17025 auditor on annual basis. Often conducted without our
knowledge. Most major groups have done this.

Site
Lab1 LabZ Adv post
In 2007-2008 Advent Cell# | Cell# Cell #
. t Parameter 18 a5 52 1B a6 a2 18 S8 52
hOSted NREL Sandla? and Efficiency [%] -3.5| -3.5 23 -0y -09 00 -01 1.2 -08B
. . FF [%] 056 -22 -20 -10 -05 -04| -03 -086 -0.3
ISE intercomparison
p Ise [A] -09 -1.3 -0.3 -0.3 -04 -04| 0.3 -0.0 -0.2
Proax [W] -34 -35 -23 -18 -1.3 -06| -01 -1.2 -09
Vo [my] -2.1 00 00 -06 -03 02 -01 -05 -04
Test Data for Laminated 156x156mm EWT Cells
Isc Voc Eff Pmax Imax Vmax Area
Cell ID Laborato wfi&sterﬂ'cstl)at& (A) ) FF (%) (W) (A) V) {em z]
UJ[duu‘?."TJtiu e Tesl B.O7O 0.5589 0.6BT 13.320 3.260 T 253 0.4L8 24340
2007-04-18
MREL
;iLEE’EE 7.584 0.588 0.685 13.105 3.058 67495 0.450 233.30
2007-05-02
MREL
Pair ::‘T ;;;: 7.810 0.582 0.699 13.600 3274 T.235 0.452 361 .85
Average 2007-05-30
MREL
EzpziLl}d:Lh; ;_!-_?{E;E:l T.ET4 0,584 0.6B86 13,100 3.154 T.042 0.448 361 .85
2007-06-01
MREL
ngﬁugJﬁsu_ 7.OLT 0587 0.GEG 13,300 3.198 TATO 0.448 361 .85
2007-06-08
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Unpublished Informal Intercomparison

5%

o ij” .5 Direct, ASTM G173-03 ---%-- CITJ top cell
2007 Spectrolab 4% spectrum 7BT13
h d N = 3%, --~>-- CITJ middle
£ 53M24
osted an é’ 2% £3-- CITJ bottom
. . o 2AB20
Intercomparison 3 ;of ~-©--CITJ full 3J F85
. & ()
with NREL, %1% AIST SPi&pre
Fraunhofer ISE, 2% :
. 0—30/0 A\ =
and AIST 1n £, O
() |‘;| $
Japan. 59,
o Test Site
< 6% ~-=x-- CITJ top cell 7BT13
y 5% --~>-- CITJ middle 53M24 | O
é’ 4%
: 30, £-- CITJ bottom 2AB20
3. --©--CITJ full 3J F85
) 20/0 [ )
c
O 19 —a— CUTJ top cell ﬁ
£ 34T18
& 0% —e— CUTJ middle
3 19, 23M14 —
e~ 170 | SFlzpre
8-2% &
T
-3% Q/ AM1.5 Direct, ASTM G173-03 spectrum
-4%
° Test Site
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Formal Module
Intercomparisons

PEP’ 87 Si modules & with cells — PTB host
ASTM 1992 S1 modules E1036 — NREL host
NREL 2004 Selection of modules —

NREL host 10 labs

S. Rummel et al, 4th World Conference on PV Energy Conversion, p.2034, 2006

2006-2008 EC PERFORMANCE project —
7 labs

T. Betts et al, 215t EU PVSEC, p.2447, 2006
W. Herman et al, 22" EU PVSEC, p.2506, 2007
W. Herman et al, 239 EU PVSEC, p.2719, 2008
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PEP’ 87 Module Intercomparison

m |sc all values A Voc prefered
4 ¢ |sc prefered ¢ FF prefered -
35 [ |
g . - | A
® S
]
225
8- &
> ®
© 2 ‘ .
515 = .
©
=
S 1 * * *
w
05
0 . T
Cz-Si multi-Si

June 20, 2010

37th IEEE PVSC, Seattle

94



Deviation from average (%)

Results - /.

L

-
-8 m NRELpre [ ESTI *  JET

=10 . SNL LEEE B NREL post |-
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-12
. FSEC ISE

-14 ; — — —

mono-Si Thin-Film Si a-Si/a-Si:Ge a-Si/a-Si/a-Si:Ge CdTe CIS Concentrator
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Deviation from average (%)

Results - P__. @25C,
1000 Wm-2, IEC Global Reference spectrum

June 20, 2010
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NREL 2004 Intercomparison
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NREL 2004 Module Intercomparison
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2008 EU Module Intercomparison

o |
Arsenal research, Vienna (Austria) 8% !
Ciemat, Madrid (Spain) o3 Ei | . - .
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EC DG Joint Research Centre, Ispra (Italy) % .o, | v .
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ECN, Petten (The Netherlands) SE % o 3 : ’
. T2 2% | o °
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. Bg T
SUPSI, Lugano (Switzerland) 2% 6 i aia
TUV Rheinland, Cologne (Germany) 8% |
-10% | o
-12%
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10% | b -] .-
@& 6%
8% | T .
- z A%
[=] 6% | = =
o 9 [ ] - ]
EE 4% | 2 3 o 270 Y m, v -
g3 2 | = ?5 . 4
e: - g3 0% J < v
E G ':' "] l E a » A
£9 2% S = -2% A A 4
et " u : & Ak r Y
w2 4% | R=] .l *
3 % . "'E 0
8 6% | E P ‘s =
8% |
0% | 5 -B%,
20 -4 "-!-"u = 3 '-'l_- -2"-"::; -1 r.:"l. '-.'rl. 1 "-:'l."' 2 n.-'ru 3-'-.'”.'- 4 r.':'ru
Lab1 Labh? Lab 3 Lab4 Lab5 Labé Lab 7 Deviation from average of reported Voc values

W. Herrmann, S. Zamini, F. Fabero, T. Betts, N. van der Borg, K. Kiefer, G. Friesen, W. Zaaiman, “RESULTS OF THE EUROPEAN
PERFORMANCE PROJECT ON THE DEVELOPMENT OF MEASUREMENT TECHNIQUES FOR THIN-FILM PV MODULES”,
proc. 23" EU PVSEC, 2008, p. 2719
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Outline - Performance
PV Theory
* PV Technology
* PV Performance

* Measurement Theory

* Primary calibration

* [V systems

* QE systems

* Multi-junction 1ssues

* Artifacts

* Intercomparisons

* Alternative rating methods
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“Ideal” Rating

Ideally the rating should be relevant to the application

PV-System Critical Operation
Configuration Period

Grid-connected, fuel-saving mode, | The whole year
hydrogen production

Peak demand supply During peak demand

Remote system for cooling At high temperatures

Remote system with storage During months with low irradiance
Pump system for agriculture During growth time (period when

water needed)
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Alternative Rating Conditions

* Regression based upon air temperature
« ASTM E2527, PVUSA regression analysis to
project test conditions defined by 1000 Wm™
Global or 850 Wm direct beam irradiance, 4 ms!
wind speed, and 20 ° C air temperature valid for
small modules to large systems ac or dc rating.
 ASTM 1s extending this to flat-plate technologies.
* Performance ratio P, at some site specific location
divided by P_ . at standard reference conditions.
* Current at some load voltage for battery charging
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Performance Ratio

Site specific value normalized value useful in
comparing multiple technologies.

May artificially bias to lower light levels because
resource data 1s averaged over an hour and in partly
cloudy conditions the data is a combination of high
and low light levels but 1s hourly averaged giving an
average low light conditions. Modules with shunting
problems do less well than expected when using
resource data.

Spectral and seasonal effects present.
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Calculated Performance ratio for
Reference year from TMY data sets

Seattle

@ GreatFalls

3 H.
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M s 7 e 0
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S. Nann and K. Emery, “Spectral Effects on PV-Device Ratings,” Solar Energy
Materials Vol. 27, pp. 189-216, 1992.
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Outline

* Current vs. voltage Theory
* PV Power Performance
PV Energy Performance

* Theory

e Standards Development
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PV Energy Performance

This 1s the ultimate 1deal rating but there 1s little
consensus. [EC 61853 under development for many
years with some recent progress.

The energy rating can be as simple as a utility level
rating of KWhr produced at the inverter divided by the
peak watt rating or the total incident irradiance

The energy can also be rated with respect to a reference
day, month or year. AM/PM first attempt.

Energy with respect to a reference year part of the
levelized cost of energy metric. The reference years are
not uniquely specified for multi-junction technologies.
Resource data 1s typically hourly averaged data.
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AM/PM Reference day

| Direct Irradiance II

| 200

L0000

)

8OO}

-

SINN

Energy (Wh'm

4000

200

alr temperature, air mass, wind speed

AAr Imass

A : : ' A

5 7 B 11 13 |5 17 19 21

Hours since midnight

C. Gay, J. Rumburg, and J. Wilson, (1982), “AM/PM” — All-Day Module performance
Measurements, Proceedings of the 16th IEEE PV Spec. Conf., San Diego, pp. 1041-1046.
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Typical Reference days

Subjective Parameter Estimates for Reference Day Parameters

Profile Peak  Daytime Wind Speed Humidity Cloud Cover
Wm2 " C ms! % % :
Hot Sunny > 1000 >35 Low  Low 0

Cold Sunny >900 Max 0 Avg High <30
Hot Cloudy <400 >30 Avg High  >50
Cold Cloudy 200-400 Max 0 High  High >90
Nice  800-900 20 Avg Avg <30

Profile Global  Direct Diffuse Temp Relative Wind Cloud
Horiz. Whr/m> Whr/m> ° C  Humidity Speed Cover
Whr/m? % m/s % .
Hot Sunny 9144 11876 999  36.3 6.3 3.9 0.0
Cold Sunny 4340 9440 330  -0.6 50.9 2.2 4
Hot Cloudy 3465 292 3265 32.1 59.8 7.9 90
Cold Cloudy 1319 8 1317 -0.1 93.4 3.7 100
Nice 7117 8347 1529 17.3 65.4 5.0 47

B. Kroposki, D. Myers, K. Emery, L. Mrig, C. Whitaker, and J. Newmiller, “Photovoltaic Module Energy Rating
Methodology Development,” Proc. 25th IEEE PVSC, May 13-17, 1996, pp. 1311-1314.
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Global Normal Spectra generated for the reference days

With spectral information multi-junctions and narrow response range
technologies can be accurately modeled. Translation equations that
account for spectral effects can be used. Spectral information 1s not
required for S1, CdTe or CIGS technologies at the +/-3% level.
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EU Comparison of Energy Rating methods

R extracted = power or efficiency temperature

name of method | institute G raw data handling equations coefficient(s)
T=24-26°C — n(G,25°)

SSE CREST |n(G,25°C), TC | G=950-1050W/m? MG,25%) = Cy+CG+C.InG TC@1000W/im?
ADI = 30°
binning P(G,T) average TC

Yield Simulator |ECN n(G,25°C), TC |G bins= 50W/m? avg n(G,25°) 3
Tm bins=5°C (250,500,750, 1000W/m?)
binning n(G,25°%) O(G) G

Somes Uy n(G,25°C), TC |G bins= x+5W/m? B=P_  -- 000} 1000 TC=0.4%/°C (default value)
x=0,200,400...1000W/m? ©(1000) 100

5 binning n(G,T) .

MotherPV INES  |n(B,25°C), TC | g binar oowiim? avg n(G,25°%) TC(G)

PV-SAT H2M N(G.T) data from 9:00-15:00 MG T)=a, + a,G+a, In(G*m* |W)-(1+a(T,,,,. —25)
binning P(G,T)

: G bins= 10W/m? I = I sse" G000 [1+Qm (AT + T — 25)]

peEeRG | et [Blae) Tm bins=1°C Vin = Vinste + CorIN(G/1000) + Cy-(IN(G/1000))2 + By (AT-+ T - 25)

StDev<=20%
: P(G,T)= liae'GI1000-[1400 (T = 25)] * (Vimewe + CorIn(G/1000) +

Matrix method 2 |JRC P(G,T) 0.75 Pyse x G000 =1 .4 C-(IN(GI1000))? + By (T - 25))
G>30W/m? Pm/G>0.02 e s (logGref) ). X

ZENIT ISE P(G,T) or data from 10-00-18-00 P(G.T)=a-G +b-loglG+1) G+¢ :._ = 1J-(_- +d-(TMOD-25)

Gabi Friesen, "From Module Performance to Module Energy Delivery: the Path to the
Definition of Energy Rating,” from International Workshop on Standardization in the
Photovoltaic Sector; 23 July 2007; Brussels
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EU Comparison of Energy Rating methods at the same site

mc-Si
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Gabi Friesen, "From Module Performance to Module Energy Delivery: the Path to the Definition of Energy
Rating,” from International Workshop on Standardization in the Photovoltaic Sector; 23 July 2007; Brussels
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Gabi Friesen, "From Module Performance to Module Energy Delivery: the Path to the Definition of Energy
Rating,” from International Workshop on Standardization in the Photovoltaic Sector; 23 July 2007; Brussels
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First derivation of M B i bl iOg ra p hy

C.R. Osterwald, (1986), Translation of Device Performance Measurements to Reference Conditions, Solar Cells, 18, pp. 269-279.

First use of M

K.A. Emery, C.R. Osterwald, T.W. Cannon, D.R. Myers, J. Burdick, T. Glatfelter, W. Czubatyj, and J. Yang, “Methods for Measuring
Solar Cell Efficiency Independent of Reference Cell or Light Source,” Proc. 18th IEEE Photovoltaic Spec. Conf., Las Vegas, NV,
October 21-25, 1985, pp. 623-628, IEEE, New York, 1985.

Uncertainty Analysis

D.R. Myers, K.A. Emery, and T.L. Stoffel, “Uncertainty Estimates for Global Solar Irradiance Measurements Used to Evaluate PV
Device Performance,” Proc. SERI 9th Photovoltaics Advanced Research and Development meeting, May 24-26, 1989, Solar
Cells, vol. 27, pp. 455-464, 1989.

K.A. Emery, C.R. Osterwald, and C.V. Wells, “Uncertainty Analysis of Photovoltaic Efficiency Measurements,” Proc. 19th IEEE
Photovoltaic Specialists Conf., New Orleans, LA, May 4-8, pp. 153-159, IEEE, New York, 1987.

H. Field and K. Emery, “An Uncertainty Analysis of the Spectral Correction Factor,” Proc. 23rd IEEE Photovoltaic Specialists Conf.,
Louisville, KY, May 10-14, 1993, pp. 1180-1187, IEEE, New York, 1993.

K. Emery, "Uncertainty Analysis of Certified Photovoltaic Measurements at the National Renewable Energy Laboratory," August
2009, NREL tech rep. NREL/TP-520-45299.

K. Whitfield and C.R. Osterwald , Procedure for Determining the Uncertainty of Photovoltaic Module Outdoor Electrical
Performance, Progress in PV, vol. 9, pp. 87-102, 2001

Independent record efficiency

M.A. Green, K. Emery, Y. Hishikawa, and W. Warta, “Solar Cell Efficiency Tables (version 37),” Progress in Photovoltaics Research
and Applications, vol. 19, pp. 84-92, 2011.

I-V and QE

K.A. Emery, “Measurement and Characterization of Solar cells and Modules,” Handbook of Photovoltaic Science and Engineering,
second edition, Chap. 18, pp. 797-840, A. Luque and S. Hegedus editors, John Wiley & Sons, W. Sussex, U.K., ISBN -0-470-
72169-8, 2011.

Standards

WWW.astm.org

PV standards can be found in Annual Book of ASTM Standards, Vol. 12.02. American

Society for Testing and Materials, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959, United States.

WWW.iec.ch

IEC working group 2 PV cell and module IV and QE, IEC 60904-1 thru -10, IEC 60891

ISO 15387:2005, Space systems — Single-junction space solar cells — Measurement and calibration

procedures, International Organization for Standardization, Geneva, Switzerland.
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History of PV Efficiency
1975, 1976 Baton Rouge Workshops

Workshops developed “Terrestrial Photovoltaic
Measurement Procedures,” NASA Tech. Report

TM 73702, June 1977. (25 ° C, total area,
reference spectrum)

1976-1984 Multiple AM1.5 spectra referenced by
community with no group actually measuring with
respect to their claimed tabular reference spectrum

1984 spectral mismatch error developed and
implemented at NREL to measure WRT arbitrary
X

reference spectrum

*
K.A. Emery, et. al, “Methods for Measuring Solar Cell Efficiency Independent of Reference Cell or
Light Source,” Proc. 18" IEEE PV Spec. Conf., 623—628 (1985).
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History of PV Efficiency

1985

ASTM E&892, now retired as ASTM G159 reference spectrum
adopted internationally and in use until 2009.

ASTM E9%48, IEC 60904 standards under development

Community starts to reach consensus on reference conditions
and procedures.

A Spectral error M exists for all indoor or outdoor
measurements 1f the goal 1s with respect to a reference
spectrum

1985-1986
Multijunction QE procedures developed
J. Burdick and T. Glatfelter, “Spectral response and I-V

measurements of tandem amorphous-silicon alloy solar cells,”
Solar Cells, 18, pp. 301-314, 1986.
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History of PV Efficiency

1987

ECD publishes multijunction |-V theory in use at NREL and
elsewhere today

T. Glatfelter, J. Burdick, and W. Czubatyj, (1987), A Method for
Measuring the Conversion Efficiency of Tandem Solar Cells,

Proceedings 2" PV Science and Engineering Conf.,, Aug. 19-
22, 1986, pp. 106-109.

T. Glatfelter and J. Burdick, (1987), A Method for Determining the
Conversion Efficiency of Multiple-Cell Photovoltaic Devices,
Proceedings of the 19th IEEE PV Spec. Conf. New Orleans, pp.

1187-1193.
IR R I Epr(A) S, ()4 I Eg(2)S:(A)dA
T M :
j Ref )dll J‘ES(;L)SRef(/l)dﬂ
A
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Effect of new Spectra

QE Y%Jdsc ASTM G173 / Jsc ASTM G159 Global

Mono-Si 0.76-0.92
Multi-Si 0.79-0.97
Cu(Ga,In)(S,Se) 0.79- 0.93
CdTe

=
=

20

6l

40

20

Normalized Quantum Efficiency (%)

(1 [

300 400 500 600 700 800 900 1000 1100 1200 1300
Wavelength (nm)

—=  CIGS module Showa Shell multi-5i module, Kvocera W—  mono-5i (501)

mono-Si module BP Solar CIGS module, Shell CIGS ISET
w— mono-5i, WPYS package (03-20001) mili-5i. Astropower e -5 mdule HIT Sanvo

——  ull-5i, Astro Power #&— multi-5i.BF solar ] multi-51 module BEvergreeen RWE Schott
CdTe, First Solar o GuAs = CIGS module Global Solar
multi-5i module BP solar MSXS - mono-51 (SC113) m - CdTe BP Solar
maono-5i module Solec + mono-5i (SC2H2) » mono-51 WPVE ALST 0123002

—a mono-5i, WPVS, 9302 16-2 —  mono-S5i WPVSESTI PXI01C
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Mormalized Quantum Efficiency (%)

Effect of new Spectrum

Normalized Quantum Efficiency (%)

100
Ty % change in |sc for old to new reference spectrum
a0 mono-Si 0.8 % e
USSC triple bot (11-9-93) 1.96 Uni-Solar
70 USSC triple mid (11-9-93) 0.67 2-Si-H/ne-Si:H/ne-SitH I
USSC triple top (11-9-93) -0.60 Si: s c-Si:H Ce
60 Device 1D: 16943-32 Device Temperature: 24.8 £ 0.5 °C
50 Mar 04, 2008 Q959 Device Arca: 0.2708 em?
a0 Spectrum; ASTM G173 global Irradiance: 1000.0 W/m®
= _ X25 IV System
a0 . .4.,‘ rl?=l- PV Performance Charactenzation Team
. T I T l T I T I T I T
20
_:'E""_‘—-—-—...__,
10 2
1]

300 400 500 G600 700 800 Q00 1000
Wavelength (nm) |

||r||||1||r|1|||
PO RN T N I T 1

% change in Isc for ;_'
80 old to new reference spectrum =
16943-32 QEs -
80 =
20 USSC triple bot 1.65 [ ]
USSC triple mid 1.16 - g
: ) # L i
60 USEC triple top 0.50 B ]
&0 L ]
» PREE] [N SN [N SN RN M ENN S M
40 05 00 05 10 L5 20 25
Voltage (V)
A V,. = 2.0096 V Inax = 2.1390 mA
20 I = 24660 mA V, = 15856 V
J.=9.105 mAem® Py = 3.3920 mW
10 Fill Factor = 68.43 % Efficiency = 12.52 %

Used single tip probe (not a Kelvin)

0
300 400 500 600  FOO 8O0 900 1000 1100
Wavelength (nm)
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Publications containing PV Area Definitions

American Society for Testing and Materials (ASTM)

E948: Cells Using Reference Cells Under Simulated Sunlight

E1036: Standard Test Methods for Electrical Performance of Nonconcentrator Terrestrial
Photovoltaic Modules and Arrays using Reference Cells

E1328: Terminology Relating to Photovoltaic Solar Energy Conversion

Institute of Electrical and Electronics Engineers (IEEE)
ANSI/IEEE 928: IEEE Recommended Criteria for Terrestrial Photovoltaic Power Systems

International Electrotechnical Commission (IEC)

60904-1: Measurement of photovoltaic current-voltage characteristics

60904-3: Measurement principles for terrestrial photovoltaic (PV) solar devices with
reference spectral irradiance data

ERDA/NASA
TM 73702 Terrestrial Photovoltaic Measurement Procedures, ERDA/NASA/1022-77/16,
June 1977.

K. A. Emery, "Solar Simulators and /-V Measurement Methods," Solar Cells, 18 (1986) p.
251-260.

M.A. Green and K.A. Emery, “Solar Cell Efficiency Tables,” Progress in Photovoltaics
Research and Applications, vol. 1, pp. 25-30, 1993.
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Area— Progress in PV Efficiency Tables

"Total area. This is the preferred area for reporting of results and equals the total
projected area of the cell or module (the area that would be measured by taking a
photograph of the device against a white background and measuring the area of the
background shaded by the device). For the case of a cell attached to glass, the total
area would be the area of the glass sheet.

Aperture area. In this measurement, the device under test is masked so that the
illuminated area is smaller than the total cell or module area, but all essential
components of the device, such as busbars, fingers and interconnects, lie within the
masked area. (Masking is not required if it can

be demonstrated that areas outside the aperture area are not responsive to light or
are not steering light onto active areas.)

Designated illumination area. In this case, the cell or module is masked to an area
smaller than the total device area, but major cell or module components lie outside
the masked area. For example, for a concentrator cell, the cell busbars would lie
outside of the area designated for illumination and this area classification would be
the most appropriate. (Again, masking is not

required if it can be demonstrated that areas outside the designated illumination
area are not responding to light.)"

M.A. Green and K.A. Emery, “Solar Cell Efficiency Tables,” Progress in Photovoltaics
Research and Applications, vol. 1, pp. 25-30, 1993.
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Supplementary materials
PV Performance Measurements at NREL
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Measurements & Characterization Division
www.NREL.Gov/py/MEASUREMENTS

et PV Cell and Module
Performance Characterization

R B
...--ﬁ ACCREDITED

certificate number 2236.01 photovoltaic
secondary cell, secondary module, and
primary reference cell calibration



Mission
e Daily PV Performance Measurement Technology transfer to

community via emails, phone calls and 1/2 day to several days
consulting at NREL

 Assist certified test labs with calibration traceability,
uncertainty analysis, procedures and error sources.

» Active in ASTM and IEC photovoltaic standards development

Wavelength (eV)

4 620 310 2% 155 1.24 103 089 078 0467 062
2200

e ASTM E490 AMO 1366.1 Wm™2

.E 18

21600 ASTM G73 Global & IEC 60904-3

IE 1400 HM' i edition 2, 10004 Wm'j

z

8 1200

g smarn e sotwe - Standard Reporting Conditions
£ H PV Temperature: 25 C

E“ [ ]

= Total Irradiance: 1000 Wm~2

< Reference spectrum: Tabular

200 400 GM) B0 1000 1200 1404 1600 1800 2000
Wavelength (nm)
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Mission

 Performance measurements for any conceivable PV
cell or modules technology of any size or shape

* Primary terrestrial reference cell calibrations

» Secondary reference cell and module calibrations for
the PV community

 Independent efficiency measurement for PV
community and contract deliverables

« ISO 17025 accreditation applies to a narrow scope of
samples. The same hardware, software, and quality
system used for all measurements.
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e
. Summary of IV Procedures

log the sample 1n and measure the area

Measure the QE of the sample with some light bias

Set or measure the light level using a calibrated PV
reference cell that produces a given short-circuit under
SRC corrected for spectral error M.

Mount the sample and set / measure the temperature
Measure the IV characteristics

Apply temperature and 1rradiance corrections if needed.
(We do not apply corrections)

Calculate the efficiency based upon the total or aperture

arca.
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Area Measurement

\.'-'=-..~==!E

* After sample logged in and approved for measurement the area is measured by
digitizing points on the perimeter of a circle, or corners of a general quadrilateral,
or a polygon, or a circle with multiple flats.

* Recently upgraded from 4 inch X-Y to 12 inch X-Y stage.
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" " - _v.-. Tungsten
Ille_ty Al Y

A Lamp B

- ¥ . Tungsten

N ;

' - 4 .Lamp A

HP34401 DMM
"Measuring Voltage
across resistor

| L

(8% T

8 positiﬁn 5 cm dia.
\ oND filter wheel A

Low Noise Constant
current DC PSP
=N

L-i-rieéri_ty test bed to demonstrate that Isc is linear with irradiance as

required in reference cell calibration and IV measurement standards.
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PV Sample mounted on Temperature
controlled plate 0.01 to 10 suns




0.3

X O
[ -+ H
02
- I linearity with irradiance
01 O .
g B 4+ + @ i —I__|_ i
B Ul +
3 00 [ Ty 7 j_H_'fr P
8 - + 4+ 4+
g [ T oy
& o r ° T
= -0.1 B + =+
% i + + PTB method based upon
ks - n e + 4+ T absolute QE vs. bias light
- +
> 02 +
"l m PTB 6-04
L
03 i ® PIBPEP93
m + NREL 2 lamp method
_0_4 I.I ] ] | 1 ] 1 i 1 1 1 | 1 ] ] | ] ] ] | ] 1 1 i 1 1 1
00 02 04 06 038 1.0 1.2 1.4

_ Number of Suns K. Emery, S. Winter, et al, “Linearity
PTB method is the most correct procedure because it relies Testing of Photovoltaic Cells,” Proc

on the change Jsc from the absolute QE vs. bias light. 4th World PVSEC, pp. 2177-2180
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? Cell I-V Equipment

I-V Applications Light source size/temperature Voltage Current
1-sun Spectrolab X25 30 cm x 30 cm +0.5mV +10 pA
Continuous filtered 3kW Xe  5-50° C +50V +16A
0.1 - 20 suns
Continuous 1 kW Xe ~ 1 cm diameter  £0.1 mV +1 uA
Concentrator 1 to 200 suns 5-80° C +10V +10A
Pulsed Spectrolab LAPSS 2 Xe flash lamps 1 mV 1 mA
Concentrator Spectrolab HIPSS 2 lamps & mirrors 100 V 50A

2 reference channels

Multi-source spectrally adjustable 0.1 to 1-sun operational by years end.

Spectrally adjustable concentrator Spectrolab THIPSS delivered by years end.
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Spectrolab X25 Solar Simulator

1C E: (010 1f _
| Ig Sl g
current mat - flr multi-

junctio hk*‘

* The spectral mismatch factor is computed and applied to the

reference cell calibration.
* The I-sun I-V at standard reference conditions and optionally

the dark I-V is then measured.
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-V Measurement

PV Performance team s 1-sun simulator

- " [-V rack &

3 s shutter = 0.lmVto50V
£ 10pA©16A

Flexible
probe station

Computer- Labview based
all data text files, directory
and data file saved to 2
hard drives, common
format all test beds, file
naming “test bed

YYMMDD-HHMMSS”
June 20, 2010 37th IEEE PVSC, Seattle 134
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Module Simulators

% = |+ Continuous Simulator -
light, dark IV, full control of
premeasurement
conditions and bias rate,
poor spatial nonuniformity,

- 3
New Spire SLP 4600 pulsed module good temperature control
simulator in recently expanded OTF * Pulsed simulator - good

spatial nonuniformity,
marginal bias rate control,
excellent temperature
control

-
g -\
37th IEEE PVSC, Seattle
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EFIat-EEte Module testing

* Outdoors - good spectrum
spatial uniformity, poor
tmperature control

nnnnnnnnnnn



¥
QE Equipment

Applications Light source  Wavelength Beam

Cells & 1 kW Xe 280-2000 nm c¢cm to m in diameter
Modules 68 - 10 nm

bandpass filters

Cells 75 W Xe 350-3200 nm 1 by 3 mm minimum
3 - gratings

June 20, 2010 37th IEEE PVSC, Seattle 137



NREL Filter QE system 280 - 2,000 nm

68 filters on 4 wheels

Shutter Lens
1000 W 1
Xe arc L.
Chopper U Bias
control lines [ight

PV Sample

Vacuum stage with thermoelectric

temperature control (5-80°C)

Gimbal
mounted
mirror

Reference
Detector

Semiconductor
or Pyroelectric

Digital I/O
SToTE Current to
tantord 810 ltace
Computer to Control, : voltag
: Store Lock-in_Amp. converter
Analyze, Plot,
and Report
| IEEE-488

June 20, 2010
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NREL Grating QE system 350 - 2800 nm

Xe or W 2nd

Source Filters

Acton Spectra Pro
Order | Monochromator}.......———
3 single gratings

Chopper

Vacuum stage with

control (5-80°C)

thermoelectric temperature

Bias
light

PV Sample
. /__é\_

X-y-z stage to change

spot size at sample

Reference
Detector

Semiconductor
or Pyroelectric

IComputer to Control,
Store
’ Stanford 810
Analyze, Plot, E
il R vt Lock-in Amp.
IEEE-488

Current to

voltage
converter
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NREL

QE
systems

June 20, 2010

The spectral responsivity 1s
measured with a filter based
system (298-1800 nm) or a
grating based system 350-3000

lock-in amplifier s

W Temperature —
_hcnnlrcller - X

order sorting filters

mlamp and chopper
Rast e’

% ﬂ T ‘ﬁ
« monochrometer .

*I 2 ¢
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Where truncate QE?

Is this shunt, luminescence, real?
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Outline - Performance

PV Theory

PV Technology

PV Performance

* Measurement Theory
* Primary calibration

* [V systems

* QE systems

* Multi-junction issues
* Artifacts

PV Rehability

PV Resource

June 20, 2010 37th IEEE PVSC, Seattle
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Concentrator Cells

. i operating from 1 to 100 suns continuous
and 1 to 2000 suns for the flash system
2 mA to 50A
H mV to 100V

th IEE-E"ﬂ VSC, Seattle
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PVUSA /ASTM E2527
Regression

P, =a*E+a,*E*E+a,*E*T . +a,*E*v
E 1s total direct or plane of array 1rradiance
1, 1s the air temperature near the module or array
1., can be used 1f reliable
v 1s the wind speed
The data is typically reported at 20 ° C air temperature,
1 or 4 m/s wind speed, and

850 Wm direct or 1000 Wm global irradiance

June 20, 2010 37th IEEE PVSC, Seattle 145



Labview NREL Regression Code

Multiple Linear Fiegressionj

suct Tos ooc-> |
Get naw data? No F‘fas

P OWEr Ha1ing Test Conditiond

- Formula Seleclor
Irradiance [Wim"2] _;

!D‘H’h‘ﬁl’ I!Eﬂ!ll'l
Temperature [°C | I!I _

Then--=

Prass to Stop

formula

Status

Wait while filtering 161419 points

P(E.T)

Coeflicients P=(C1)E+(C2)E E+(C3)E'T

RSeS| C1 P(E.T.S) formula
-2.595E-4I e P=(C1+C2" E+{33'T+C-4‘S()'E
_9_4_‘3'5_4' 3 Irradiance (E)
| Fms | Temperature (T)
: oA i) A
Wind Spead (S)

Coefficients (c1, ¢2, 3, c4d)

PVYUSA model fit manthly

[ 1063 | P 1160-|
. o 1140-F =
Wind Speed [m/s] ;g Standard Dev' : 50 w 1120-|° . Wy
L
~ Filtering Options | f ::}:0- v '.:B — -
POA _Irrad Amb_T DC Power <none= Time range W] 1060
12'00-:‘?-‘ 37=§ 1343:8 1= 06/06/02 Someg
100048 i H - 18:15
iy =20z) 10002 : 06/06/02 1020~
: 2 s - 1000- :
EGDE Gi 50@5 : Gao e
E _ : l;AT 960
0=R .25= 134= 0= j 7107194 840 -
) 7 ) ‘ﬁ 0 o0
811000 §| 30.0| $fi3a3 0§ o.of O7/07/E4-mg zig - =17 A)/year . .
a .
!I| 900.0f 3 10.0 gl 8000 g' 0.0 Eiltar? 07115195 12/07/97 12107199 06/15/02
Data poinls AFTER FRlerng ! 11130 Data points BEFORE filkesing | 161419 X KKK +
_] E ﬁ:ﬂmg I—IIShmu Monthiy I N |
Scroll Down for more Charts
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Labview NREL Regression Code

Multiple Linear Regression |

Select Test Bed-->

Get new data?

T No (DB ves |

Then--=

Status Press to Stop

P(E,T) formula
P={C1)E+(C2)E*E+(CI)E'T

P(E,T,5) formula
P=(C1+C2*E+C3*T+C4*S)*E
Irradiance (E)

Wait while filtering 193903 points

Coefficients

1.640E+0)| C1
-7.211E4 |l c2

I Please Wait |

s POwer Rating Test Cclndilll:m:!

Formula Selector

3-553":-3] c3 Temperature (T)
0.000E+0D(|Ca Wind Speed (S)
_+ Coefficients (cl, c2, 3, ¢4)

Irradiance [W/m»2] _I

Power Rating

Temperature [*C | i!l |

913|

Wind Speed [m/s] a-[

Standard Dev' @ 200

s Filtering Options |

FOA, AMB_T DC Power  <nomes Time range
1331-"l' - 1767 < - 06/14 /96 ==
= I 1500 = - :||01:3u
1000~ Er : z dl12/07/02
-] 2= 10002 g
500- = . E
A - 500= =
. = ;r . :Il 16:15
= -20= 177 E 01/01/9%
. . - Oyl §

8 11000| & 00| & 17670| & 00|

a4 9371 E|||

EIIEIU?.FQE-?

00| 3 %%85| & 00| @
Filter?

Data points AFTER Filtering 14 313|

Data points BEFORE filtening

ASTM E2527 Etot =750, Air 10-30C, Wind<5

maximum & minimum Power,irradiance

rmax Power 1767 at 6/22/96 11:45 AM
max irradiance 1331 at 4/15/9% S:00 AM

TMYZ2 site
23183 PHOEMNIX

June 20, 2010

AZ -7

Energy, kW hr/m2

3019

193903

Monthly regression of Power

1400 £ | | I

sw-—/Initial a-Si light induced degradation

1200 - i |
N :
= :? E, Seasonal degradation,
B < annealing & spectral effects
3 o : " 3l
e FT 1 > t
w-— -7.9%l/year — e
600=, ' ' [ : \ [
.rﬂ,'_‘ﬂ §:] _‘L‘J Show Monthly Best Fit
Jejruy) w + 2sigma | °
- 2 sigma i

Show more charts and data

Show arrays

37th IEEE PVSC, Seattle



Labview NREL Regression Code

Multiple Linear Fiegressionj

Status Press to Stop

Wait while filtering 161419 points _
Select Test Bed-> GO
Coefficients FP(E.T) formula

P=(C1)E+C2)E"E+(CIE"T

Get new data? Mo F Yes ‘-““E*"i L P(E.T.S) formula
-2.505€-4| ¢ P=(C1+C2" E+CS’T_+C-4‘S(}'E
Then--= o asseall cs Irradiance (E)
P P ﬁ—l :‘ll Temperature (T)
QSR TR L Llntl Formula Selector ] Wind Spead (S)
Irraciance [Wim"2] _E Coetficients (c1, c2, c3, c4)
; owear Hating PYUSA model fit monthly
Temperature [°C | I!] [ 1053| p 1160~
(] 1140= p L]
L [ ] L]
Wind Speed [m/s] IQ Standard Dev' : 50 R 112{1--'_ o R B
L] ‘B'
— Filtering DpliGHS} f 1100~ | "‘.‘: e _ .
E 1080= |
POA_lrrad Amb_T DC Power <none> Time range [W) {060
1200-% . 37:§ : 1-% 08f08B/02 |
1000< = : 18:15
202 : = 06/06/02 1020=|
E : = 1000- |
5002 0% = 980 - |
8 E = 0
s z T 960 - | -1.7 A)/year
o= 252 =z jl; 40 - |
r 25 v ] ‘F TIOT 94 zzg o
81100.0 §| 30.0| §hizaaofl § oo 0710794-8g e ) Tims
- | S | | i
!| S8l | e gl B00.1 g' 0.0 @ Filtar? 07115/95 12/07197 12107199 061 5702

Data points AFTER Fllering ! 11130 Data points BEFORE Miltesing | 161419
Scroll Down for more Charts
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Published Informal Intercomparison

K. Emery, M. Meusel, R. Beckert, F. Dimroth, A. Bett and W. Warta, 32 ", ISE Steady state concentrator
"Procedures for Evaluating Multijunction Concentrators,” Proc. 28th bl e "‘JSFEET?:?“E; o TR Ay,
IEEE PVSC, Sept. 15-22, 2000, pp. 1126-1130. 30 o '
Fraunhofer ISE Ga ;;In, (-P/Ga, ¢;In, ;As 22 7

28 |-
One sun Parameter NREL ISE E i
Isc 1.950 mA  2.035 mA 8% I'a ~ Based upon NREL 1-sun
Voc 1.940 V 1.943 V e lso=1.950 mA
Pmax 3. 196 mW 3325 mW 25 ?_ based upon ISE 1-sun
Fill Factor 84.5 % 84.1 % 24 |, =2.035 mA
Efficiency 22.9 % 23.8 % - | v |

1 10 100 1000

Concentration (suns AM1.5 direct)

Arvid van der Heide, Stefan Winter, Keith Emery, and Wim Zaaiman, "Comparison Between Large Reference Cells
Calibrated by ESTI-JRC, NREL and PTB, Performed at ECN", Proc. 20th EU PVSEC, June, 2005.

Cell

100-A
100-B
100-B
125-A
125-B
125-C
125-D
125-E
150-A
150-B

Calibrated Isc,cal

ESTI 2002  3.020 = 1.9%
ESTI 2002  3.006 %= 1.9%
NREL 2003 3.023 %+ 2.0%
ESTI 2002 4.780 = 1.9%
ESTI 2002 4.731 £ 2.0%
NREL 2004 5.311 = 2.0%
NREL 2004 5.380 %= 2.0%
PTB 2004  4.752 £ 2.9%
ESTI 2002  6.858 = 1.9%
PTB 2004 7.247 = 2.8%

Isc,ECN
3.032
3.019
3.019
4816
4716
5.311
5.393
4.724
6.808
7.122

Al (%)
+0.4
+0.4
-0.1
+0.8
-0.3
+0.2
-0.6
-0.7
-2.2
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Unpublished Informal Intercomparison

In 2008 Calisolar hosted an
intercomparison with Fraunhofer ISE and
NREL

Percentage difference between NREL and ISE.
Positive numbers indicate NREL lower than ISE.

ID area Isc  Voc FF Pmax Efficiency
BER6 0.0 1.1 -0.1 1.4 2.3 2.4
BER7 0.1 1.9 -0.2 04 2.1 2.1
BER3 -0.1 1.1 -04 1.0 1.7 1.9
BER2 0.0 1.7 -0.3 0.8 2.3 2.2
BER1 0.0 2.0 -0.1 08 2.6 2.6
BER4 0.0 1.2 -0.2 04 1.4 1.4
BER9 -0.1 1.9 -0.1 1.1 2.9 2.9
BER5 0.0 1.6 0.0 1.1 2.7 2.7
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ID	area	Isc	Voc	FF	Pmax	Efficiency	

BER6	0.0	1.1	-0.1	1.4	2.3	2.4

BER7	0.1	1.9	-0.2	0.4	2.1	2.1

BER3	-0.1	1.1	-0.4	1.0	1.7	1.9

BER2	0.0	1.7	-0.3	0.8	2.3	2.2

BER1	0.0	2.0	-0.1	0.8	2.6	2.6

BER4	0.0	1.2	-0.2	0.4	1.4	1.4

BER9	-0.1	1.9	-0.1	1.1	2.9	2.9

BER5	0.0	1.6	0.0	1.1	2.7	2.7


2006 EU Module Intercomparisons

K. Keifer, et al, proc. 215t EU PVSEC, 2006, p. 2493.
Fraunhofer ISE, ESTI, TUV Rheinland, NREL, TISO
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