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1 General information on the comparison 

1.1 Under the Mutual Recognition Arrangement (MRA)1 the metrological equivalence of 
national measurement standards will be determined by a set of key comparisons (KCs) 
chosen and organised by the Consultative Committees of the CIPM working closely with 
the Regional Metrology Organisations (RMOs). This set of key comparisons has to be 
added by supplementary comparisons (SCs) organised by the RMOs. 

1.2 The proposal for a comparison was presented during the CCPR meeting in Hawaii Sep. 
2011. The EURAMET Photometry and Radiometry contact persons decided to start a 
supplementary comparison on the calibration of reference solar cells at standard test 
conditions (EURAMET project 1226) during the Paris meeting in Feb. 2012. The PTB was 
assigned to act as a pilot laboratory. The comparison was split into three parts. The first 
part, starting 2012, covers linear WPVS type reference solar cells with standard Si 
responsivity. Further comparisons will consider filtered solar cells and non-linear solar 
cells. Although this SC is organized within a EURAMET project, it is a global comparison 
carried out worldwide. 

1.3 The technical protocol has been drawn up by PTB with feedback from NMC A*STAR, 
VNIIOFI and KRISS.  

1.4 The technical protocol was agreed on by all participants and was sent out on April 2nd, 
2012 to TC-PR of EURAMET for approval. The procedures outlined in the technical 
protocol cover the technical procedure to be followed during measurement of the 
reference solar cells. The procedure, which follows the guidelines for RMO PR 
Supplementary Comparisons2, is based on current best practise in the use of reference 
solar cells and takes account of the experience of the participants. 

1.5 The organisation of the whole comparison was described in the technical protocol. 

1.6 According to the technical protocol (Section 5.4), after receipt of all measurement reports 
from the participating laboratories, the pilot laboratory has analysed the results and 
prepared a first pre-draft "A" report on the comparison following the draft guidelines of the 
Guidelines for CCPR Key Comparison Report Preparation3. The results of the participants 
were sent back to each participant and each participant was asked individually for 
confirmation of the results and the uncertainty in order to confirm them prior to the 
publication of Draft A. The pre-draft "A" report included measurement reports of the 
participants and submitted uncertainty tables, but no results. This was circulated to the 
participants for comments, additions and corrections. During this phase participants were 
at liberty to correct their submitted uncertainties, but only in an increased direction and 
supported by an explanation. Subsequently, the procedure outlined in the BIPM 
guidelines[3] was followed, which will mean that no results can be changed for whatever 
reason by any participant except for errors of the pilot lab. 

1.7 The comparison was carried out through the calibration of two to three unfiltered reference 
solar cells with WPVS-design per participant. The reference solar cells were provided by 
the participants.  

1.8 The measurement sequence was participant-pilot-participant. Thus, the comparison had 
the form of a multiple-star-type comparison (Fig.1). There were three phases:  

1) In the first phase every participant calibrated his own reference solar cells and sent 
the solar cells to the pilot laboratory. The results were sent to the pilot laboratory after 
the end of the first phase. 

 
1 MRA, Mutual Recognition Arrangement, BIPM, 1999.  
2 CCPR-G7: Guidelines for RMO PR Supplementary Comparisons, CCPR-G7, 2019, 6 pp 
3 Guidelines for CCPR Comparison Report Preparation, CCPR Working Group on Key Comparisons, CCPR-G2 Rev.4 

– approved by WG-KC on January 8, 2019 
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2) In the second phase the pilot laboratory calibrated all reference solar cells of all 
participants and sent the reference solar cells back to the participants.  

3) In the third phase every participant calibrated his own reference solar cells again to 
check the drift and provided the results to the pilot laboratory. 

 
 
 
 
 
 
 
  
 
 
 
  
 
 

 
Fig. 1: Diagram of the multiple-star-type comparison 
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2 Laboratory contact persons 

Address  Person(s) in charge Contact Phase 
Physikalisch-Technische 
Bundesanstalt  
Bundesallee 100  
D-38116 Braunschweig  
Germany  
 

Stefan Winter, 
Dirk Friedrich 

Tel: +49(531)592-4140  
Fax: +49(531)592-694140  
e-mail: Stefan.Winter@ptb.de 

2 (Pilot 
lab) 

Physikalisch-Technische 
Bundesanstalt  
Bundesallee 100  
D-38116 Braunschweig  
Germany  
 

Ingo Kröger Tel: +49(531)592-4140  
Fax: +49(531)592-694140  
e-mail: Ingo.Kroeger@ptb.de 

1,3 

FGUP "All-Russian Research 
Institute For Optical And 
Physical Measurements" 
(FGUP "VNIIOFI") 
46 Ozernaya St.,  
119361, Moscow, Russia

Morozova Svetlana 
Petrovna 

Tel: +7 (495) 437 37 00 
Fax: +7 (495) 437 37 00 
e-mail:  
morozova-m4@vniiofi.ru 

1,3 

Korea Research Institute of 
Standards and Science 
(KRISS) 
267 Gajeong-Ro, Yuseong-
Gu 
305-340 Daejeon 
Rep. Korea 

Dong-Hoon Lee Tel: +82-42-868-5706 
Fax: +82-42-868-5022 
e-mail: dh.lee@kriss.re.kr 

1,3 

National Metrology Centre, 
Agency for Science, 
Technology and Research 
(NMC, A*STAR) 
1 Science Park Drive 
Singapore 118221 

Xuebo Huang Tel: +65 6279 1939 
Fax: +65 6279 1993 
e-mail: huang_xuebo@nmc.a-
star.edu.sg 

1,3 

Industrial Technology 
Research Institute 
Incorporated (ITRI) 
321 Sec. 2, Kuang Fu Rd., 
Hsinchu 30011, Chinese 
Taipei 

Pin-Hao Wang, 
Chen-Wei Chen 

Tel: +886(3) 5743710 
Fax: +886(3) 5710180 
e-mail: 
Pin-Hao@itri.org.tw 

1,3 

National Institute of 
Metrology, China 
Room 110, Optical Building, 
No.18, Beisanhuandong Lu 
Beijing 
China 

Xiong Limin, 
Lin Yandong 

Tel: 86(10)64524822 
Fax: 86(10)64524822 
e-mail: xlmin@nim.ac.cn; 
Linyd@nim.ac.cn 

1,3 

 

Table 1: Data of participants details. PTB participated with two facilities. Their 
established DSR facility acted as pilot laboratory and their new Laser-DSR facility had 
the status of a participant. 
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3 Exposure times 

The one sun equivalent exposure time during the measurements at the pilot laboratory is 
about 8 hours, as all cells were measured twice, and two solar cells were mounted during 
one run. 

 

4 Performance of the transfer detectors 

The solar cells were measured three times. Before they were sent to PTB by the 
participants, at PTB and after they were sent back to the participants. The stability of the 
solar cells was checked by calculation of the deviation of the two measurements by the 
participants. As all deviations are smaller than the respective expanded measurement 
uncertainty (k = 2), the solar cells are considered stable. 

 

Figure 1: Relative deviation of the ISTC measurement after getting back the solar cell from 
PTB (phase 3) to the measurement before sending the solar cells to PTB (phase 1). 
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Table 2: Relative deviation of the measurement after getting back the solar cells from 
PTB (phase 3) to the measurement before sending the solar cells to PTB (phase 1). 
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5 Method for establishing the Reference Value (RV) and the Degrees of 
Equivalence 

It is known that reference values are only evaluated based on Key Comparisons (KCs), 
these are the Key Comparison Reference Values (KCRVs). However, we believe that it 
is desirable or at least useful to evaluate a reference value also in the case of this 
worldwide SC. For simplification, we call this value Reference Value (RV). All calculations 
were performed according to Appendix B – “An example of a commonly used data 
analysis for an intercomparison” of the “Guidelines for CCPR Comparison Report 
Preparation” of 2009. 

 

Performance of the transfer solar cells 

A possible drift of the transfer solar cells was considered by averaging the participant 
measurements before and after the PTB measurement.  

 

Determination of the cut-off, the RV and the Degrees of Equivalence 

The weighted mean of the short circuit current at standard test conditions of the transfer 
solar cells represent the RV. Following the Guidelines for CCPR Comparison Report 
Preparation the weight is calculated with cut-off, which is calculated as the average of the 
NMIs uncertainties which are less than or equal to the median of the uncertainties of all 
NMIs. The cut-off uncertainty ucut-off is then average of the three institutes stating the 
lowest uncertainties: 

 

𝑢cut-off ൌ average൛𝑢rel൫𝐼STC,௜൯ൟ for 𝑢rel൫𝐼STC,௜൯൑ median൛𝑢rel൫𝐼STC,௜൯ൟ 

 

where 𝑢rel൫𝐼STC,௜൯ is the relative uncertainty stated by the participant i and the median is 
calculated from the six participants and the pilot (seven values from seven facilities). 

In Table 3 the relative uncertainty 𝑢rel൫𝐼STC,௜൯ and the deviation to the pilot of the short circuit 
current of reference solar cells at standard test conditions for each solar cell and 
summarized each participant is shown.  
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Figure 2. Relative deviation of the participant measurements of the short circuit current 
of reference solar cells at standard test conditions to the results of the pilot 
measurements 

 
 

 

Figure 3. Relative standard uncertainties, median and cut-off. For the calculation of the 
median the average uncertainty of the respective participant is used.  

01
8-

20
12

04
8-

20
10

10
4-

20
12

13
1-

20
12

12
3-

20
12

07
4-

20
11

09
7-

20
12

01
6-

20
12

02
0-

20
12

05
0-

20
10

11
0-

20
12

10
9-

20
12

00
3-

20
10

04
7-

20
12

K
D

R
C

A
-1

20
03

9

NIM VNIIOFI
PTB

Laser-DSR KRISS
NMC,

A*STAR ITRI

-1,5%

-1,0%

-0,5%

0,0%

0,5%

1,0%

D
ev

ia
tio

n 
of

 I
S

T
C

P
ar

tic
ip

an
t t

o 
P

ilo
t

: SCRV

01
8-

20
12

04
8-

20
10

10
4-

20
12

13
1-

20
12

12
3-

20
12

07
4-

20
11

09
7-

20
12

 

M
ed

ia
n 

of
 u

nc
.

01
6-

20
12

02
0-

20
12

05
0-

20
10

11
0-

20
12

10
9-

20
12

00
3-

20
10

04
7-

20
12

K
D

R
C

A
-1

20
03

9

P
T

B
-P

ilo
t

C
ut

-o
ff

NIM VNIIOFI
PTB

Laser-DSR KRISS
NMC,

A*STAR ITRI

0,0%

0,2%

0,4%

0,6%

0,8%

1,0%

R
el

at
iv

e 
st

an
da

rd
 u

nc
er

ta
in

tie
s



EURAMET Comparison of Reference Solar Cells – Part 1 11/57 

 

 2020-12-08 

6 Identification of Outliers 

 

The CCPR has not agreed a strict policy on outliers. However, if a reference value is 
involved, care must be taken that outliers do not skew the reference value. The currently 
favoured limit is three standard deviations from the reference value produced without the 
proposed outliers, using their adjusted standard uncertainty value. In this comparison, the 
following procedure was used: the relative deviation between participant and pilot 
laboratory, corrected by the Reference Value (RV) RV of 0,03%, was divided by the 
standard uncertainty of the respective deviation.   

 

Based on the distributed data, one relative deviation was 4.3 times higher than the 
standard uncertainty of its deviation (see Figure 4). This value was excluded from the 
comparison. In addition, it is noted that the corresponding solar cell (KDRCA-120039) 
was the only solar cell within the comparison that was not of WPVS type. The cut-off 
value, the weighted mean and the Degrees of Equivalence were calculated without using 
the values of this solar cell.  

 
 

 

Figure 4. Relative deviation of the participant measurements divided by the respective 
uncertainty of the deviation minus one.  
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7.2 Summary of the unilateral Degrees of Equivalence  

 

Figure 5: Unilateral Degree of Equivalence (DoE) for each participant and its expanded 
uncertainty. 

 
7.3 Summary of the En-values  

 

Figure 6: En-values of the individual solar cell comparisons. The only non-WPVS type 
solar cell KDRCA-120039 was excluded from the comparison. 
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8 Conclusions 

The EURAMET.PR-S5 intercomparison of the short circuit current of reference solar cells 
at standard test conditions was carried out as star type comparison. In total 6 participants 
with seven facilities took part, 1 from Europe (PTB/Germany with two facilities: the 
established DSR facility as pilot lab and the new Laser-DSR facility as participant) and 
5 outside Europe (NIM/China, VNIIOFI/Russia, KRISS/South Korea, A-STAR/Singapore, 
ITRI/Chinese Taipei). Therefore, this comparison can be considered as a worldwide one 
as all NMIs world-wide that had built up facilities for the primary ISTC-calibration of 
reference solar cells when the measurements started, participated. The measurements 
took place from September 2012 to May 2014. Last changes of the values were sent to 
the pilot during the value check within the pre-draft A phase in June 2016. 

All participants supplied detailed reports of their measurements including full uncertainty 
statements. All measurement results reported by the participants were used for the 
intercomparison and no measurement was subject of rejection. The analysis method 
follows the Guidelines for CCPR Comparison Report Preparation and has been accepted 
by all participants. 

For the calculation of the reference value of the supplementary comparison no participant 
had to be excluded and the used weighted mean with cut-off has been supported by all 
participants. 

The unilateral Degrees of Equivalence (DoE) calculated for each participant are fully 
100 % consistent with their standard uncertainties. The largest En-value is 0.61 and 
therefore significant smaller than 1. The chi-square test is fully satisfied with 2.09 ൏
𝜒ଶሺ5ሻ ൌ 11.07. Thus, the DSR method is highly suitable for the calibration of reference 
solar cells according to the short circuit current at standard test conditions. 
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11 Appendix C: Timeline of the comparison 

 

Technical Protocol agreed: 2012-04-02 (sent to TCPR chair) 

  2012-04-25 (NIM added and resent to TCPR chair) 

Start of Measurements: 2012-09-01 

End of Measurements: 2014-05-07 

All reports received: 2016-06-22 

Pre-Draft “A” process 1 published: 2016-05-23  

Pre-Draft “A” process 2 published: 2016-09-21  

Pre-Draft “A” process 3 published: 2016-09-20  

Pre-Draft “A” process 4 published: 2017-06-14 

Pre-Draft “A” agreed: 2017-07-04  

First draft of Draft “A”: 2019-08-16 

Draft “A” approved: 2019-10-21 

Draft “B” submitted to RMO TCC: 2020-08-27 

Final report submitted 2020-12-08 
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12 Appendix D: Excel sheet used for Table 2, 3 and 4 
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13 Appendix E: Measurement reports and uncertainty tables of the 
participants 
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