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Calculation steps of a yield assessment
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Calculation steps of a yield assessment
Energy Rating (ER)
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Calculation steps of a yield assessment
Performance Ratio (PR)
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Calculation steps of a yield assessment
Typical initial yield
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Calculation steps of a yield assessment
Long term yield
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Calculation steps of a yield assessment
Actual long term yield
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Calculation steps of a yield assessment
PV Module Energy Rating
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PV Module Energy Rating
Formulae

B DCYield:

N

;zlGPOA-f Nste Amodule f;(AOL spectrum, T, module characteristics)

Ypc =
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PV Module Energy Rating
Formulae

B DCYield:

N

;zlGPOA-f Nste Amodule f;(AOL spectrum, T, module characteristics)

Ypc =

= Hpoa Nstc Amodule J ao1 S spectrat S 6 ST
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PV Module Energy Rating

Formulae
B DCYield:
Ypc = N Groa.i Nstc Amodule fi(AOI, spectrum, T, module characteristics)

=1

= Hpoa Nstc Amodule J ao1 S spectrat S 6 ST

B Module Performance Ratio (MPR):

YDC:m)minal /
P

STC,nominal

Heoa /1w
m2

MP Rnominal —

:f AOI f spectral f G f T
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PV Module Energy Rating

Formulae
B DCYield:
Ypc = N Groa.i Nstc Amodule fi(AOI, spectrum, T, module characteristics)

=1

= Hpoa Nstc Amodule J ao1 S spectrat S 6 ST

B Module Performance Ratio (MPR):

YDC:m)minal /P
MP Rnominal —

STC,nominal
Hpon / 1](\)\;1 — _f AQOI f spectral f G f T

m2
mur=

HSTC.measured
MPR = f AQOI f spectral f G f T
HSTC .nominal
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PV Module Energy Rating
Uncertainties

B Module Performance Ratio (MPR):

_ .2 . 2 .2 .2
uMPRnominal o \/Uj AOI + ujspcctral + ujG + ujT

— 2 2 2 2 2
UMPR — \/UPSTC,mcasumd T Ufpo ™ T Uf pecta U "+ Upy
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A Set of Samples
List of modules

ID

Al
A2
A3
B1
B2
C1
C2

cell techn.

c-Si

c-Si

c-Si (high eff.)
CdTe

CdTe

CIGS

CIGS

a-Si

efficiency

14.7 %
16.3 %
17.1 %
10.3 %
12.2 %
11.9 %
12.4 %
5.9 %

meas. — nom. eff.

-1.6 %
+1.1 %
+0.0 %
-1.3 %
+1.1 %
+4.3 %
-5.0 %
—6.7 %
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A Set of Samples
Dependency on irradiance level
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A Set of Samples

Dependency on module temperature
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A Set of Samples

Spectral response
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A Set of Samples

List of sites
ID Site
m 1 Norwich, UK
m 2 Breisach, Germany
m 3 Rafah, Egypt

Hor. Irrad.

kWh/m?2

978
1216
1876

Avg. Temperature
°C

10.3
9.8
20.7
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Uncertainty of ER Input Values
How to obtain the “u” values ?

B Uncertainty of Module Performance Ratio (MPR):

_ .2 . 2 .2 .2
uMPRnominal o \/Uj AOI + ujspcctral + ujG + ujT

— 2 2 2 2 2
UMPR — \/UPSTC,mcasumd T Ufpo ™ T Uf pecta U "+ Upy
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Uncertainty of ER Input Values
The “u” values

Al A2 A3 B1 B2 C1 Cc2 D
England
U aoi [%] 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Ut spectral [%6] 0.9 0.9 1.0 1.4 1.4 1.0 1.0 1.8
U g [%] 0.7 0.7 0.7 1.4 1.4 1.4 1.4 0.7
U 1 [%] 0.1 0.1 0.1 0.0 0.0 0.0 0.1 0.0
UpntPA nominal [%6] 15 1.5 1.6 2.2 2.2 2.0 2.0 2.2
Unter [%o] 19 1.9 2.0 3.0 3.0 2.7 2.7 2.6
Southern Germany
a0l [%] 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Ut spectral [%0] 0.9 0.9 1.0 1.4 1.4 1.0 1.0 1.8
U g [%] 06 0.6 0.6 1.1 1.1 1.1 1.1 0.6
us 1 [%] 0.2 0.3 0.2 0.1 0.1 0.1 0.3 0.1
UntPR nominal [ %6] 15 1.5 1.5 2.0 2.0 1.8 1.8 2.1
Upnter [%6] 1.8 1.8 2.0 2.8 2.8 26 2.6 2.6
Egypt
U aci [%] 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Us spectral [%6] 0.9 0.9 1.0 1.4 1.4 1.0 1.0 1.8
U g [%] 04 0.4 0.4 0.8 0.8 0.8 0.8 0.4
t 1 [%] 0.8 0.8 0.6 0.4 0.4 0.4 0.8 0.4
UpteR nominal [ 6] 16 1.6 1.6 1.9 1.9 1.7 1.8 2.1
Unser [%0] 1.9 1.9 2.0 2.8 2.8 25 2.6 2.6

MPR, module performance ratio; DC, direct current; AQ|, angle of incidence; POA, plane of array.
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Uncertainty of ER Input Values
Module power @ STC

Al A2 A3 B1 B2 C1 c2 D
England
U a0 [%] 10 1.0 1.0 1.0 1.0 1.0 1.0 1.0
U spocial [%] 0.9 0.9 1.0 1.4 1.4 1.0 1.0 1.8
U g [%] 0.7 0.7 Oz L Ll L i 7 S 0.7
U 1 (%] 0.1 O.;J 0.0
A nominal [ 70 1.5 ] 22
UaPAnomicet 12 STC power measurement
Upser (%] . . ) 2.6
S hem Cermany uncertainties derived from research
th_aor [%] 1.0 10 | on the uncertainty budget of 1.0
octral % 0.9 0.9 1.8
th_spocual %] Fraunhofer ISE’s CalLab PV Modules
U g [%] 0.6 0.6 0.6
U 1 [%] 0.2 0.3 0.1
e 1%] 15 15| (depends on cell technology) iy
Unspr (%] 18 1.8 2.6
Egypt
U a0 [%] 10 1.0 1.0 1.0 1.0 1.0 1.0 1.0
U speciral [%] 0.9 0.9 1.0 1.4 1.4 1.0 1.0 1.8
U o [%] 0.4 0.4 0.4 0.8 0.8 0.8 0.8 0.4
w1 (%] 0.8 0.8 0.6 0.4 0.4 0.4 0.8 0.4
UntpAnomina %] 16 1.6 16 1.9 1.9 1.7 1.8 2.1
Unspr [%] 19 1.9 2.0 2.8 2.8 25 2.6 2.6
MPR, module performance ratio; DC, direct current; AOI, angle of incidence; POA, plane of array.
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Uncertainty of ER Input Values
Angle of incidence (AOI)

Al A2 A3 B1 B2 C1 Cc2 D]
England
& aoi [%] 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
U spoctral (%] 0.9 0.9 1.0 1.4 1.4 1.0 1.0 1.8
U g [%] 0.7 0.7 L L. L L4 |7 — 0.7
U 1 [%] 0.1 1 0.0
UpntPR nominal [%] 15 2.2
Unser [G",'D] 1.9 . 2.6

AOI effect uncertainty:

Southern Germany
U_sor (%] 1.0 101 1% everywhere 1.0
U epociral (%] 0.9 0.9 1.8
g [%] 0.6 0.6 0.6
o o oo | (further reserach necessary) o
UnteR nominal [ 70] 15 1.5 2.1
Unser (%] 1.8 1.8 2.6
Egypt
& aoi [%] 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
U spociral (%] 0.9 0.9 1.0 1.4 1.4 1.0 1.0 1.8
U g [%] 0.4 0.4 0.4 0.8 0.8 0.8 0.8 0.4
1 [%] 0.8 0.8 0.6 0.4 0.4 0.4 0.8 0.4
UntPR nominal %] 16 16 1.6 1.9 1.9 1.7 1.8 2.1
Upaer [ 98] 1.9 1.9 2.0 2.8 2.8 2.5 2.6 2.6

MPR, module performance ratio; DC, direct current; AOI, angle of incidence; POA, plane of array.
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Uncertainty of ER Input Values
Spectral response

Al AZ A3 B1 B2 C1 C2 D
England
U aol [%] 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
U spectral [%0] 0.9 0.9 1.0 1.4 1.4 1.0 1.0 1.8
U [%] 07 0.7 07 14 14 14 lbe 07
U 1 [%] 0.1 A 0.0
Untpnominal (%) 15 Spectral effects: 22
Unser [G",'D] 1.9 2.6
Southem Germany uncertainty of spectral distributions
W oaon (%] 1.0 1.0 X 1.0
U spectral [%0] 0.9 0.9 1.8
o 1%] 06 o6 | shape of spectral respose 0.6
U 1 [%] 0.2 0.3 0.1
e normina 1] 15 15 | (depends on cell technology) 2.1
Upser [90] 1.8 1.8 2.6
Egypt
s aoi [%] 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
U spectral [%0] 0.9 0.9 1.0 1.4 1.4 1.0 1.0 1.8
U g [%] 0.4 0.4 0.4 0.8 0.8 0.8 0.8 0.4
1 [%] 0.8 0.8 0.6 0.4 0.4 0.4 0.8 0.4
UnieB nominal 1 %6] 16 1.6 1.6 1.9 1.9 1.7 1.8 2.1
Upaer [ 98] 1.9 1.9 2.0 2.8 2.8 25 2.6 2.6
MPR, module performance ratio; DC, direct current; AOI, angle of incidence; POA, plane of array.
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Uncertainty of ER Input Values
Dependency on irradiance level

Al A2 A3 B1 B2 C1 Cc2 D
England
U aol [%] 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
U spectral [%0] 0.9 0.9 1.0 1.4 1.4 1.0 1.0 1.8
U g [%] 0.7 0.7 L L4 L L4 |7 — 0.7
U 1 [%] 0.1 0.1 0.0
UntPA nominal [%] 1.5 . 22
Unipr 1%] 1.9 Low light response: 26
Southern Germany .

assessment of meas. uncertainty at

W oaon (%] 1.0 1.0 1.0
U _specral [%] 09 09 | 600 W/m2 and 200 W/m?2 1.8
U g [%] 0.6 0.6 0.6
v [%] 02 031 (depends on cell technology and site)] o
Unsea nominal [q"c'] 15 1.5 2.1
Upser [90] 1.8 1.8 2.6
Egypt
s aoi [%] 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
U spectral [%0] 0.9 0.9 1.0 1.4 1.4 1.0 1.0 1.8
U g [%] 0.4 0.4 0.4 0.8 0.8 0.8 0.8 0.4
1 [%] 0.8 0.8 0.6 0.4 0.4 0.4 0.8 0.4
UnieB nominal 1 %6] 1.6 1.6 1.6 1.9 1.9 1.7 1.8 2.1
Upseg [ %] 1.9 1.9 2.0 2.8 2.8 25 2.6 2.6
MPR, module performance ratio; DC, direct current; AOI, angle of incidence; POA, plane of array.
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Uncertainty of ER Input Values
Dependency on module temperature

Al A2 A3 B1 B2 C1 Cc2 D
England
U aol [%] 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
U spectral [%0] 0.9 0.9 1.0 1.4 1.4 1.0 1.0 1.8
U g [%] 0.7 0.7 L L. L L4 |7 — 0.7
U 1 [%] 0.1 0.1 0.0
Untprnominal 1%] 15 Temperture effects: 2.2
Unger [%] 1.9 2.6
Southern Germany Uncerta|nty TkPStC - 10%
W oaon (%] 1.0 1.0 X 1.0
Ut _spectral (%] 0.9 0.9 . . . 1.8
th 1%l 06 06 | distribution of module temperature 0.6
U 1 [%] 0.2 0.3 0.1
Untprpominal %] 15 15 | (depends on cell technology and site)] 21
Upser [90] 1.8 1.8 2.6
Egypt
s aoi [%] 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
U spectral [%0] 0.9 0.9 1.0 1.4 1.4 1.0 1.0 1.8
U g [%] 0.4 0.4 0.4 0.8 0.8 0.8 0.8 0.4
1 [%] 0.8 0.8 0.6 0.4 0.4 0.4 0.8 0.4
UnieB nominal 1 %6] 1.6 1.6 1.6 1.9 1.9 1.7 1.8 2.1
Upseg [ %] 1.9 1.9 2.0 2.8 2.8 25 2.6 2.6
MPR, module performance ratio; DC, direct current; AOI, angle of incidence; POA, plane of array.
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Results: Module Energy Rating and Uncertainties

Al A2 A3 B1 B2 C1 Cc2 D
England
Heoa [kWh/m?] 1134 1134 1134 1134 1134 1134 1134 1134
faoi (%] -3.1 -3.1 —3.1 —3.1 -3.1 —3.1 —3.1 —3.1
fspectrum [%] 1.4 1.4 1.1 24 2.4 1.4 1.5 34
fe [%] —2.6 -1.2 —2.8 22 0.1 -1.0 —9.6 —3.7
fr (%] —-0.7 —0.6 —0.6 -0.3 —0.4 —-0.4 —-0.9 —04
MPRnominal (%] 95.1 96.5 94.7 1011 99.0 96.9 88.1 96.1
Expanded uncertainty (MPR.ominal) 3.0 3.0 3.2 4.4 4.4 4.0 4.0 4.4
MPR caiistic [%] 93.5 976 94.7 99.8 100.2 1011 83.7 89.7
Expanded uncertainty (MPR gaistic ) 3.7 3.7 4.1 59 5.9 5.4 5.4 52
Yo speciic [KWHKWD] 1061 1106 1074 1131 1136 1146 9419 1017
Southern Germany
Heoa [KWh/m?] 1413 1413 1413 1413 1413 1413 1413 1413
faoi [%] —2.7 -2.7 —2.7 2.7 2.7 27 —2.7 2.7
fpectrum (%] 1.4 1.4 1.1 24 2.4 1.4 1.5 34
fa [%] —2.0 -0.8 —2.1 1.9 0.2 —-0.6 —75 —2.9
fr [%] —25 —-25 —2.0 -1.3 —1.4 -15 —2.8 —-15
MPRnominal (%1 94.3 95.4 94.3 100.3 98.4 96.6 88.7 96.3
Expanded uncertainty (MPRnominal) 3.0 3.0 3.1 4.1 4.1 3.6 3.6 4.3
MPR caiistic [%] 92.8 96.4 94.3 98.9 99.6 100.8 84.3 89.8
Expanded uncertainty (MPR cajistic ) 3.7 3.7 4.0 57 5.7 5.1 5.1 5.2
Yo, specitic [KWHEWD] 1311 1362 1332 1398 1407 1423 1191 1269
Egypt
Heoa [kWh/m?] 2078 2078 2078 2078 2078 2078 2078 2078
faor [%] —2.3 -23 —2.3 23 —2.3 —-23 —2.3 —23
fpectrum (%] 1.4 1.4 1.1 24 2.4 1.4 1.5 34
fg [%] —-0.7 —0.1 —-0.9 1.7 0.6 0.3 —4.0 —-1.3
fr [%] —7.5 —-7.8 —6.2 —4.0 —4.4 —4.5 —8.0 —45
MPRrominal [%0] 91.0 91.3 91.8 97.7 96.2 94.9 87.6 952
Expanded uncertainty (MPR.ominal) 3.2 3.2 3.2 39 3.9 3.4 3.6 43
MPReaistic [%] 89.5 92.3 91.8 96.4 97.3 99.0 83.2 88.9
Expanded uncertainty (MPR, caistic ) 3.8 3.9 4.1 bbb b5 4.9 5.1 52
Yo, speciic [KVWH/KWp] 1859 1919 1908 2003 2022 2056 1729 1846

MPR, module performance ratio; DC, direct current; AD, angle of incidence; POA, plane of array.
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Results: Module Energy Rating and Uncertainties

Al A2 A3 B1 B2 C1 c2 D
England
Hooa (KWh/m?] 1134 1134 1134 1134 1134 1134 1134 1134
faor (%] -3.1 -3.1 —3.1 -3.1 -3.1 -3.1 —3.1 —3.1
fspcmrum (%] 1.4 1.4 1 9 2 1 21 1 4 b 2
T [%] —2.6 -1.2
fr (%] 07  -06 H [kWh/mZ]
Ir"-":II"\:’F"nc>n'\in:a| [cyol 95.1 96.5 POA
Expanded uncertainty (MPR.cminal) 3.0 3.0 f [ % ]
MPchalis‘tic [CVU] 93.5 97 AOI
Expanded uncertainty (MPR qa)is1ic ) 3.7

f %

m 0
YDC.spcc:Hic: [kthkWD] SpeCtrU [ ]
Southermn Germany

fs [%]
Heoa [kWh/m?]

faoi (%] —2.7 —-27 fT [%]

Iespc.\c:‘trurr'. [C‘VU] 1.4 1.4

fo (%] -2.0 -0.8 ) [0 ]

fr (%] 25 25 IVIPRnommal /o

MPRoomeet 1] #3 w2 | Expanded uncertainty
Expanded uncertainty (MPRnominal) 3.0 3.0

Iﬁ"":ll":’F’;rc.\aIis‘tic: [CyU] 92.8 96.4

Expanded uncertainty (MPR cajistic ) 3.7 3.7 M PR I t [ % ]

Yoc.speciic [KWHKWp] 1311 1362 1 E read's I(cj ]

Caypt Xpanded uncertainty
Heoa [KWh/m?] 2078 2078 2

o 4 25 25 | Yoo ooedinic [KWhH/KWP]
fspcc‘trum [%] 1.4 1.4 ’SpeCI IC

fg [Cyo] 0.7 —-0.1 —— r v Lw e e ———
fr [%] —7.5 -7.8 —6.2 -4.0 —4.4 —-4.5 —-8.0 —4.5
MPRuominal (%] 91.0 91.3 91.8 97.7 96.2 94.9 87.6 95.2
Expanded uncertainty (MPR.ominal) 3.2 3.2 3.2 39 3.9 3.4 3.6 43
MPR caiistic [ %] 89.5 923 91.8 96.4 97.3 99.0 83.2 88.9
Expanded uncertainty (MPR, caistic ) 3.8 3.9 4.1 bbb b5 4.9 5.1 52
Yo, specitic [KWH/KWDp] 1859 1919 1908 2003 2022 2056 1729 1846

MPR, module performance ratio; DC, direct current; AD, angle of incidence; POA, plane of array.
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Results: Module Ranking and Uncertainties
Nominal Module Performance Ratio
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Results: Module Ranking and Uncertainties
Actual Module Performance Ratio
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Results: Module Ranking and Uncertainties
Actual Module Performance Ratio
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Results: Module Ranking and Uncertainties
Nominal Module Performance Ratio
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Results: Module Ranking and Uncertainties
Module Ranking

Using the “z-score”: z=( MPR - MPR ) / Uypr
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Conclusions

B Even simple assumptions on individual measurement uncertainties lead
to overall module performance ratio uncertainties varying with module
type and climatic region

B Typical module performance ratio uncertainties may be greater than the
actual differences in module performance ratio

B A reference to the current state of the art (e.g. the most recent 100
module characterizations) and to MPR uncertainty (using the z-score)
may help to keep uncertainties in mind
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Thank you for your attention!

Fraunhofer Institute for Solar Energy Systems ISE

Dr. Christian Reise

christian.reise@ise.fraunhofer.de
ertragsgutachten@ise.fraunhofer.de

36

\

~ Fraunhofer

ISE



