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sc-Si mc-Si a-Si 
a-Si/ c-Si 
(tandem) 

a-Si/a-SiGe 
/a-SiGe 
(3 stack) 

Capacity [W] 5160 5076 1980 1125 1024 
Number of 
module 40 36 66 30 16 

Area [m2] 39 39 29 12 13 

Efficiency [%] 13.4 13.0 6.8* 9.3* 5.9 

PV System Kusatsu, Shiga, Japan 
Azimuth  due south 
Tilt angle: 15.3o 

Longitude  135o57’E 
Latitude  34o58’N 

PV system 

Tokyo 
Shiga 

Kusatsu: 3.9kWh/m2/day 
Japan average: 3.7 

Google map 

*capacity/area (Data from supplier was not available) First modules were installed in 1998. 

If actual output is equal to rated capacity, then PR is 100 %. 

Index for PV output 

PR(Performance Ratio) 

                    Output Energy (W) 

Irradiance(W/m2)   ηnominal   Area(m2) 
100 PR (%)  = 

Module temperature 

Tmod 

Tmod of back side of module is measured by TC. 

Irradiance 

Irr 

Parameters for PV and environment 
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] AM1.5G (Ref.) 

I  is the spectral irradiance (W/m2/nm) 
 is the spectral photon flux density (s/m2/nm) 

APE 1.88eV  blue-rich 
APE 1.88eV  red-rich 

APE=1.88eV 

Ref.  S. Williams, T. Betts, T. Helf, R. Gottschalg, H. Beyer and D. 
Infield, Proceedings of 3rd World Conference on Photovoltaic 
Energy Conversion (Osaka, Japan, 2003) pp. 1908-1911.  

Measurement system: MS-700(350~1050nm) 
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Example of APE 

Absorption by H2O at 940 nm  High APE 
High AM (dawn and dusk)  Scattering of blue light  Low APE  

Rayleigh scattering Absorption by H2O Winter clear sky at noon (APE=1.90eV) JS
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APE in Kusatsu, Japan 
Data points: >80,000 
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92.6% of total solar 
spectrum is BLUE-RICH 
Instrant Irr>0.001kW/m2 

Rate of STC(APE,T)  at outdoor 

Irr@Tmod:25 2.5oC... 
11.09% 

 
Irr@APE:1.88 0.5eV... 

3.734% 
 

Irr@25oC&1.88eV(STC)...  
0.7630% 

 
Irr@45oC&1.93eV(MFC)... 

3.1686% 

3year accumulation data 
of irradiance of mc-Si PV 
module 
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Short summary (1) 

PV  
 

 
 

 

Irr PR Energy x = 
1300 kWh/m2 80 % 1040 kWh 

INPUT POWER OUTPUT 

If PR is sensitive to Tmod… 

{Irr(Tmod) PR(Tmod)} Energy x = 

Ir
r 

Tmod 

x = Energy 

This is almost good for c-Si 

10 20 30 40 50 60 70 

PR
 

Tmod 
10 20 30 40 50 60 70 

modT

x 1 m2 x 
For 1kW system… 

oC oC 

How to calculate output energy? 
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As defined in STC, if PR is sensitive to both Tmod and APE 

Irr T
m

od
 

APE 

x PR T
m

od
 

APE 

PR PR T
m

od
 

APE 

Energy PR = 

Site 
dependent 

In this study, Japan 

PV technology 
dependent 

In this study, 
crystalline and thin-film Si 

{Irr(Tmod,APE) PR(Tmod,APE)} Energy x = 
APET ,mod

Generalization for 
all PV technologies 

How to calculate output energy? 

Clarify output performance of PVs 

Irr 
(Environment) Energy PR 

(Solar cell) 

APE 

T m
od

 

  
APE 

T m
od

 

APE 

T m
od

 

Input Power Output 

Measurement Measurement  APE and Tmod impact on PR  

PR map is also useful to understand degradation. 
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Energy estimation by contour maps 

Irr 
(Environment) Energy PR 

(Solar cell) 

APE 

T m
od

 

  
APE 
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Input Power Output 

Estimation or past 
measurements 

Estimation  Indoor Measurement 
supported by outdoor 

measurements and simulation 
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1. Prepare 2D array 
 (Energy and Irr vs Tmod and APE) 
 
2. Obtain every one minute data set 
 (Energy, Irr, Tmod and  APE) 
 
3. Add the data to corresponding element 
 
4. Repeat 2. and 3. for data period 
 
5. Obtain PR for each element by dividing 

energy by Irr. 
 

PR 
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How to create contour plots 
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PR vs Tmod vs APE (sc-Si) 

PR depends on Tmod 
 

Low Tmod  high PR 

PR@STC(83.49%) 
      > PR@MFC(74.24%) 

Instant Irr>0.4kW/m2 
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Outdoor performance is LOWER 
than the performance rated under 

STC. 

PR vs Tmod vs APE (mc-Si) 

PR depends on Tmod 
 

Low Tmod  high PR 

PR@STC(83.68%) 
      > PR@MFC(74.20%) 

Instant Irr>0.4kW/m2 
APE (eV)
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Outdoor performance is LOWER 
than the performance rated under 

STC. 
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PR vs Tmod vs APE (a-Si) 

Instant Irr>0.4kW/m2 

PR depends on 
Tmod & APE 

 

Middle Tmod & High APE 
 high PR 

PR@STC(73.27%) 
      < PR@MFC(81.28%) 
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Outdoor performance is 
HIGHER than the performance 

rated under STC, which is 
reverse tendency to c-Si! 

Is STC good for standard? 

PR vs Tmod vs APE (a-Si/ c-Si) 

Instant Irr>0.4kW/m2 

PR depends on 
Tmod & APE 

 

Middle Tmod & High APE 
 high PR 

PR@STC(79.23%) 
      < PR@MFC(83.88%) 
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Outdoor performance is 
HIGHER than the performance 

rated under STC, which is 
reverse tendency to c-Si! 

Is STC good for standard? 
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PR vs Tmod vs APE (3stack) 

PR slightly 
depends on APE 

PR@STC(86.23%) 
      < PR@MFC(86.89%) 

STC is good for this case. 

Instant Irr>0.4kW/m2 
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PR map comparison 
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(a) sc-Si (b) a-Si

(d) 3stack(c) tandem

Bulk 
Tmod dependence 

 
Thin-film 

APE dependence 
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Temporal transition (sc-Si) 
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04/6 ~ ’05/5 

Data period: 1year,   Starting date: 4 months shift 

04/10 ~ ’05/9 05/02 ~ ’06/1 

05/6 ~ ’06/5 05/10 ~ ’06/9 
Same trend 

Low Tmod  High PR 
 

Almost no change 
 Stable 
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Temporal transition (a-Si) 

04/6 ~ ’05/5 

Data period: 1year,   Starting date: 4 months shift 

04/10 ~ ’05/9 05/02 ~ ’06/1 

05/6 ~ ’06/5 05/10 ~ ’06/9 
Same trend 

High APE  High PR 
 

Change in high PR 
region 

 Instability of a-Si 
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Temporal transition (a-Si/ c-Si) 

04/6 ~ ’05/5 

Data period: 1year,   Starting date: 4 months shift 

04/10 ~ ’05/9 05/02 ~ ’06/1 

05/6 ~ ’06/5 05/10 ~ ’06/9 
Same Trend 

High APE  High PR 
 

Smaller change 
than a-Si single 

Stable 
Thinner a-Si layer 
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Temporal transition (a-Si/a-SiGe/a-SiGe) 

04/6 ~ ’05/5 

Data period: 1year,   Starting date: 4 months shift 

04/10 ~ ’05/9 05/02 ~ ’06/1 

05/6 ~ ’06/5 05/10 ~ ’06/9 
Same Trend 

High APE  High PR 
 

Almost no change 
Stable 

Thinner a-Si layers 
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Short summary (2) 
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Details published in SE. 

 

 *)  (GHI, Tamb) 
 

 GHI GTI  

(Erbs  -  - Hay ) 

 NEDO**)  

 = 

 (measurement)  (measurement) 

 (measurement) 

 (estimation) 

 (estimation) 

 (estimation)  (measurement)  (estimation) 

Fig .2 Fig .3 

Fig .1 

*)   URL < http://www.jma.go.jp /> , **) URL <http://www.nedo.go.jp> 

GHI: Global Horizontal Irradiance 
GTI: Global Tilted Irradiance 
Tamb: Ambient temperature 
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PR map  

(a) mc-Si : multicrystalline Silicon (b) a-Si : amorphous Si  

(c) tandem : a-Si/ -Si  

PV  

mc-Si  (Tmod)                     
a-Si, tandem  (APE)  

Tmod : Module tempearture 

 

Fig.1  PR map (APE - Tmod)  
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 (2006-2011)  
AM : Air mass 

Tamb : Ambient temperature 

 

 

 1  

Fig.2  APE map (AM - GTI)  Fig.3 Tmod map (AM - GTI)  

APE AM-GTI
Tmod Tamb-GTI
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Short summary (3) 

APE Tmod
APE AM GTI Tmod Tamb GTI  

 

Irr  
 

PR
 

 
 

APE(AM-GTI) Tmod(Tamb-GTI)  
PR PR Universal  

 

PR  
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