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Abstract

Up to now, the quality of solar modules has been judged by means of the STC-value. But it’s
known from experience that modules with the same STC-value can show significant differences
in their yearly energy yield, even if they are mounted at the same location. An approach to this
problem is to prognose the yearly energy yield of a module at a certain location with the so called
“Performance Matrix”. The Performance Matrix forecasts the performance of a solar module
against solar irradiance and ambient temperature. To determine the performance matrix of a
solar module, first its power is measured at different irradiances and temperatures; then a
mathematical model is used to fit a plane through the power data. In this project the suitability of
different measurement methods and mathematical models to create a Performance Matrix was
analysed. For this purpose 3 modules BP580 and 3 Kyocera modules were measured indoor and
outdoor. These measurement data were used to create Performance Matrices of the modules
with different mathematical models.

It revealed that the measurement points must cover the whole irradiance spectrum and at least a
part of the temperature spectrum to create a reliable Performance Matrix. To obtain measure-
ment data, Indoor measurements with a sun simulator are suitable. Outdoor measurements can
also be used, but under certain circumstances (changing weather conditions, changing angle of
incidence etc.) a high scatter of the data can occur which makes necessary a filtering of the
measurement points before creating the performance matrix. At least two of the investigated
mathematical models were suitable to create a reliable performance matrix with relatively few
measurement points. Using these models, yearly brut energy yields of 1100 kWh/kWp to 1200
kWh/kWp were predicted for Zurich, which is reasonable. The differences between the yearly
energy yields calculated with the different Performance Matrixes were small: all energy yields
were within 4% of the average energy yield, for Kyocera as well as for BP580 modules. The
small standard deviation showed the high consistency between the different sets of measure-
ment data and between the mathematical models.

The mathematical models and the measurement methods are continuously improved. In the next
steps it should be verified, how close the predicted energy yields are to practice and if the
Performance Matrix depends on geographical location of the module or on the inclination angle.
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1. Introduction

Swiss experts in solar energy expect up to 10 % difference in specific energy production between
different c-Si modules. Considering that even a 1 % difference of energy production can be worth € 4
to € 6 per KW, per year for a typical European climate, it stands to reason that the choice of the most
applicable solar module is of high financial consequences.

In this project, a new approach for predicting the yearly energy yield of a module at a certain location
was investigated: the Performance Matrix. This matrix presents the power of a module in dependancy
of the irradiance and the temperature (see figure 1). If the meteorological data of the location for a new
PV system is known (e.g. from METEONORM [i]), the yearly energy yield of the module then can be
calculated. To create the Performance Matrix, the power of the module has to be measured at
different irradiances and temperatures. These measurement data are fitted with a mathematical model
to the final Performance Matrix.

Figure 1: Performance Matrix of
a module BP580
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2. Goals

In the energy rating project, different measurement procedures and mathematical models to create the
Performance Matrix were compared with the goal to verify the applicability of the Performance Matrix
for energy predictions. The main criteria for the applicability of a Performance Matrix is their reliability:
the difference between the prognosticated and the effective specific energy production should be less
than 5 % to allow a ranking of different modules (the average difference in specific energy production
between different types of solar modules are estimated to be 5 %). Other criteria are the necessary
expenses for the measurements and the complexity of the mathematical model.

To decide about the applicability of the Performance Matrix, the Performance Matrix for two module
types (polycristalline Kyocera and monocristalline BP580) was created with different measurement
methods and mathematical models. The Performance Matrixes were used to predict the yearly energy
yield at Zurich and at different standard days. These results were compared to determine if the
different measurement methods and mathematical models give similar results and to find out, if
differences between the two module types (poly- and monocristalline) are visible. Furthermore, the



accuracy of the energy yields predicted with the Performance Matrix was calculated with a statistical

error analysis.

3. Participants

Measurements of the modules were performed at PSI, JRC ISPRA and LEEE-TISO. Sensors were
provided by ISET Kassel and the modules by Edisun Power AG. Enecolo AG was responsible for the
creation of the Performance Matrixes and analysis of the data, in correspondence with LEEE TISO.

S-5

Energy Rating

The project was funded by Gesellschaft Mont Soleil and the Swiss Federal Office of Energy.

4. Materials and methods

MODULES

Six modules were measured in a round robin at all three institutes: three monocristalline modules BP
580 (called BP580 20S, BP580 22S and BP580 90S) and three polycristalline modules Kyocera
(called Kyo03, Kyo04 and Kyo05). The characteristics of these modules are described in table 1.

Additionally, a module was measured at ISET.

Table 1: Characteristics and indoor measured STC values of the modules BP580 and Kyocera. The module
BP580 90S was not degraded yet when measured at JRC ISPRA. In this project the average of the measured

STC values was used to calculate the specific yield of the modules.

STC measured

STC measured

STC Project

Module number |at LEEE-TISO |at JRCISPRA Energy Rating

BP580 20S [BP580 (monocristalline) | 683520S 79.21 W 78.23 W 78.72 W
BP580 22S [BP580 (monocristalline) | 683522S 78.58 W 78.18 W 78.38 W
BP580 90S |BP580 (monocristalline) | 680790S 77.31 W 80.16 W 77.31 W
Kyo03 Kyocera (polycristalline) | 94308103 47.01 W 4598 W 46.49 W
Kyo04 Kyocera (polycristalline) | 94308104 46.68 W 46.90 W 46.79 W
Kyo05 Kyocera (polycristalline) [ 94308105 46.48 W 45.49 W 45.99 W
MEASUREMENT METHODS

Every module was measured with three different measurement methods:

e Indoor: Indoor measurements of current/voltage characteristics with sun simulator at JRC

ISPRA [ii]

e /U suntracker: manual outdoor measurements of current/voltage characteristics with sun-

tracker at PSI [iii]

e MPPT fixed rack: Outdoor measurements of power at MPPT in 1 minute intervals on a fixed

open rack at LEEE TISO [iv]

« /U fixed rack: Outdoor measurements of current/voltage characteristics on a fixed open rack
in 5 minute intervals at JRC ISPRA. The module is maintained at MPPT between the meas-

urements [v]

Measurement points at an irradiance of less than 50 W/m? were excluded from the analysis.
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MATHEMATICAL MODELS

For every measurement data set, the following mathematical models were used to create Perfor-
mance Matrixes:

e Linear: first linear regressions Pmax = f(Tamb) at constant irradiances, then regression
Pmax = f(G) at constant temperatures [vi, Appendix A]

e Power: Regression of Pmax = f(Tamb, G) with 6 empirical parameters [vii, Appendix B]

e Efficiency: Regression of Efficiency = f(Tcell, G) with 6 empirical parameters
[viii, Appendix C]

e ImUm: Indoor measurement of Im,STC and Um,STC. Regression of Impp = f(G, Tamb ) and
of Umpp = f(G, Tamb) with 7 parameters [vi, ix, X]

e IscUocFF: Regression of Isc = f(G, Tamb), Uoc = f(G, Tamb) and FF = f(G, Tamb) with
totally 12 empirical parameters [xi , Appendix D]

To calculate the ambient temperature from cell temperature values, the formula Tcell = h*G + Tamb
was used. For all BP580 modules an average value of h = 0.0344 was determined with linear
regression, for all Kyocera modules a value of h = 0.0277.

METEOROLOGICAL DATA

To predict the yearly energy yield of the modules at Zurich, irradiance for a 20° inclined module and
ambient temperature were determined with the software METEONORM [i]. Additionally, the daily
energy yields for five different IEEE standard days (Hot-Sunny, Cold-Sunny, Hot-Cloudy, Cold-Cloudy
and Cool-Sunny) were determined [xii]. These standard days represent the US american climate.

STATISTICAL ERROR ANALYSIS

To determine the reliability of the Performance Matrixes, the 95% prognosis interval of the power
for every irradiance and temperature of the Performance Matrix was determined with the
following formula [Appendix E]:

AP 1+xb (x'x)'x,

= t97.5%,n—numberof parameters o

This interval indicates the range in which a future value will be measured with a probability of 95%. The
value of 27 5o, u—numberof paramerers 18 1.98 if the Performance Matrix bases on more than 100 measurement
points. & is the standard deviation between the measured data and the corresponding powers in the
Performance Matrix. The matrixes x; and x,depend on the irradiance and temperature values for which
the uncertainty is calculated. The matrixes X’and X depend on the irradiance and temperature values of
the measurement data.

The 95% prognosis interval can be calculated for those regions of the Performance Matrix that are
covered with measurement data. For regions of the Performance Matrix that don’t contain any
measurement data, the 95% prognosis interval is not valid. The reliability of the predicted energy
yields depends mainly on the systematic and the stochastic part of this 95 % prognosis interval but
also on the uncertainty of the meteorological data. The systematic percentage of the 95% prognosis
interval could not be determined and even the 95 % prognosis interval could only be calculated for
those regions of the Performance Matrix that were covered with measurement data. Therefore the
uncertainty of the predicted energy yields could not be calculated.



5. Results

MEASUREMENTS

Every module was measured with every measurement method except for the method /U fixed rack. With
this method, only the module BP580 20S was measured. The measurements of the BP580 modules with
the method MPPT fixed rack could not be used for the analysis because it revealed that the electronic of the
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measurement stand was defect and produced too low values.

A comparison of the measurement data in a three dimensional matrix shows clear differences in the
distribution of the data (see figures 2 to 5): Indoor measurements allow a uniform distribution of the data
over the whole range of irradiances and temperatures, while outdoor measurements are restricted to the
prevailing irradiance conditions during the measurement phase. If measurements are done automatically
during the whole day (e.g. data MPPT fixed rack and I/U fixed rack), the whole irradiance spectrum can be
covered within a time of several days to weeks, while the temperature range depends on the season. If
measurements are done manually and only in the afternoon (e.g. data suntracker), not even the tempera-

ture range is covered sparely but also the irradiance spectrum.
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Figure 2: Measurement data Indoor for the module
BP580 20S, measured in 2003
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Figure 3: Measurement data suntracker for the
module BP580 20S, measured in 2003
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Figure 4: Measurement data I/U fixed rack for the
module BP580 20S, measured in 2003

Figure 5: Measurement data MPPT fixed rack for
the module BP580 20S, measured in 2003
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A comparison of the measurement data in a two dimensional graph presenting the power in dependence of
the irradiance shows clear differences in the scatter of the data, depending on the measurement method
(see figures 6 to 7): Indoor measurements are not influenced by other meteorological parameters than
irradiance and temperature and therefore the scatter at a defined irradiance is only due to temperature
effects. For outdoor measurements, the method suntracker shows the smallest scatter, because there is no
influence of changing angles of incidence. Additionally, measurements were only done at stable weather
conditions. Measurement data I/U fixed rack shows similar scatter as suntracker measurements whereas
measurement data MPPT fixed rack has clearly higher scatter. This is not only due to the changing angle of
incidence but also due to problems of the MPPT tracker at changing weather conditions during the 1 minute
measurement interval.
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PERFORMANCE MATRIXES

Not all combinations of measurement data and mathematical models were usable to create a
Performance Matrix. For the BP580 modules no reliable measurement data MPPT fixed rack could be
measured because of a defect in the electronic. With the measurement method suntracker only very
few performance data was measured and therefore the data basis for some modules was insufficient
to create a Performance Matrix'. For single mathematical models also the data sets achieved with the
other measurement methods didn’t contain enough data points to create sufficient Performance
Matrixes.

' A Performance Matrix was considered sufficient, if the power was increasing with increasing

irradiance and decreasing temperature.
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Two of the five mathematical models showed to be insufficient for the creation of a reliable
Performance Matrix: The model Linear only produced complete Performance Matrixes if the whole
range of irradiances and temperatures was covered with measurement data. For restricted data sets,
either no Performance Matrix could be calculated or the 95% prognosis interval was very high
(sometimes exceeding 100%). The model IscUocFF lead to high 95 % prognosis intervals too,
especially at low irradiances. For Indoor Measurements, the deviation between the Performance
Matrix and the measured data was up to 50% (see figure 8). Furthermore, the Performance Matrix
showed systematically higher powers than measured for low irradiances. This trend of a systematic
deviation could also be observed for outdoor data, but not always in the same direction. The models
Power and Efficiency showed lower deviations between the Performance Matrix and the measured
data and no obvious systematic trend (see figures 9 to 11).

G (Wim2)
Figur : Deviation of th
0 200 400 600 800 1000 1200 gure 8 € atol of the
60% ) ) ) Performance  Matrix  modei
« Kyo04 IscUocFF from the measure-
c 50% BP580 205 ment data Indoor
[
o o 40%
£
[}
32 20% .
5B !
5 7 20%
58
b5 10% :
> H S
a YLy - v A %
T T S
-10%
G (Wim2 . _
( ) Figure 9: Deviation of the
0 200 400 600 800 1000 1200 .
T oo . Performance  Matrix ~ modei
£ Power from the measurement
g 15% data Indoor
£
£ 10%
[e]
2 . }
T5 5% = —
® ] oL ’ B . 1 .
32 0%t N W S T
© . B I . L [l . l‘A .
(8] L ® v
5 5% —
s
5 -10% + Kyo03 - BP580 208
3 = Kyo04 BP580 225
o -15% Kyo05 BP580 90S
G (Wim2)
0 200 400 600 800 1000 1200 1400 . .
0% . ‘ ‘ ‘ ‘ ‘ Figure 10: Deviation of the
(] .
B Performance Matrix model Power
§ 15% from the measurement data
E 10w suntracker
£
2 o
& 5%
T
28
& 0%
3 2
3 5%
s
c 0% ; -
s " ! 7 « Kyo04 BP580 225
s
R i Kyo05 BP580 90S
a H . +Kyo03 - BP580 208
-20%



S-10
Energy Rating

G (Wim2) ) o
600 800 1000 1200 1400 Figure 11: Deviation of the

‘ ‘ ‘ ‘ Performance  Matrix  modei

50%

e + Kyo03 - BP580 208 Power from the measurement
0

* Kyo04 BP580 225 data MPPT fixed rack
30% Kyo05 BP580 90S

20%
10%

0%
-10%
-20%

Deviation of caculated from
measured power

-30%

-40%
-50%

The 95 % prognosis interval and consequently also the percentage deviation between the Perform-
ance Matrix and the measurement data increased with decreasing irradiance (see figure 12). For the
model ImUm, the 95 % prognosis interval and the deviation between the Performance Matrix and the
measurement data was not calculated because of time reasons.

For the investigated modules, the measurement data Indoor produced uncertainties of less than 1% at
high irradiances and uncertainties of up to 8% at an irradiance of 100 W/m? (method Power, see
figure 12). Measurement data MPPT fixed rack produced uncertainties of 2 — 3% at high irradiances
and uncertainties of up to 20% at an irradiance of 100 W/m? (see figure 13).
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As explained above, not all measurement data and mathematical models revealed to be suitable to
create a Performance Matrix. Table 2 gives an overview which combinations of the different possible
measurement data and mathematical models produced reliable Performance Matrixes and which
combinations could not be used because of different reasons.

Table 2: possible combinations of Measurement Data and Mathematical Models and their usability to create a
Performance Matrix

MPPT fixed rack -
MPPT fixed rack -
MPPT fixed rack -
MPPT fixed rack -
MPPT fixed rack -
suntracker - Linear
suntracker - Power
suntracker - Efficiency
suntracker - ImUm
suntracker - IscUocFF

Linear
Power
Efficiency
ImUm
IscUocFF

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

Indoor - Linear

Indoor - Power

Indoor - Efficiency

Indoor - ImUm

Indoor - IscUocFF

MMIINY

I/U fixed rack - Linear

AN\

ooy,
oo
oo
777

I/U fixed rack - Power
I/U fixed rack - Efficiency
I/U fixed rack - ImUm
I/U fixed rack - IscUocFF

|:|reliable Performance Matrix
[ JInot measured

(T measurement data not reliable because of a defect in the electronic

legend:

[ T notreliable Performance Matrix because of unsufficient mathematical model

NN Is¢ and Uoc not available
Y 7777777777 not calculated because the module was not yet degraded
E——————no reliable fit possible because of too less measurement data

ENERGY YIELDS

Using hourly meteorological data (Tamb, Irradiance) of METEONORM for Zurich, the yearly energy
yield of a module could be predicted (see figure 14). The predicted yearly energy yield was in average
1161 kWh/kWp for the Kyocera modules with a standard deviation of 2.0 % between the different
measurement methods, modules and mathematical models. For the BP580 modules, the predicted
yearly energy yield was in average 1099 kWh/kWp with a standard deviation of 1.9 % . The maximum
deviation from the average calculated energy yield was 3.7 % for Kyocera as well as for BP580
modules.

Additionally to the yearly energy yield, the daily energy yield for several standard days was predicted
with the Performance Matrixes (see figures 15 to 19). Similar to the results for the yearly energy yield,
Kyocera modules showed in tendency higher predicted yields than BP580 modules at all standard
days. Especially for sunny days and suntracker data, the predicted energy yields for the BP580
modules were lower than for the Kyocera modules.
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Figure 14: specific yearly energy yields for Zurich, calculated with different Performance Matrixes for 3 modules
Kyocera and 3 modules BP580

The calculated energy yields for standard days showed standard deviations of 1.2 % to 5.2 % from the
average. For BP580 modules, the standard deviation between the energy yield of the different
Performance Matrixes was similar at sunny days as at cloudy days (2.9 to 5.2 %). At sunny days, the
standard deviation was mainly caused by the Performance Matrixes with suntracker data which
produced clearly lower energy yields than the other Performance Matrixes (i.e. Indoor and /U fixed
rack data).

For Kyocera modules the standard deviation was very small: 1.2 % to 2.3 % for sunny days and 2.9 to
3.7% for cloudy days. Standard deviations were higher at cloudy days due to higher differences
between the results of MPPT fixed rack and Indoor Measurements: at cloudy days the energy yields
calculated with MPPT fixed rack Performance Matrixes were clearly higher than the energy yields
calculated with Indoor Performance Matrixes.

Figures 15 - 19: specific daily energy yields for the standard days hot cloudy, cold cloudy, cold sunny, cool sunny
and hot sunny calculated with different Performance Matrixes for 3 modules Kyocera and 3 modules BP580

Legend:
¢+ Kyo03 Kyo04 s Kyo05
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——average Kyocera — — Kyo Stddev —— average BF

— — BP Stddev
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6. Conclusions

The results showed that it's possible to create a Performance Matrix based on measured power or
current/voltage characteristics at different cell temperatures and irradiances. To get a reliable
Performance Matrix, the measurement points must cover the whole irradiance spectrum and at least a
part of the temperature spectrum of the Performance Matrix. To obtain measurement data, Indoor
measurements with a sun simulator are suitable. Outdoor measurements can also be used, but under
certain circumstances (changing weather conditions, changing angle of incidence etc.) a high scatter
of the data can occur which makes necessary a filtering of the measurement points before creating the
performance matrix.

At least two of the investigated mathematical models were suitable to create a reliable performance
matrix with relatively few measurement points. One of these models (Power) consists of one equation
with 6 empirical parameters which are fitted in a regression. The other model (ImUm) consists of two
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equations with totally 7 parameters. 5 of these parameters are physical and thus could be measured
instead of fitting them in a regression. In this project 2 parameters (Im, STC and Um, STC) were
measured indoor, the other five parameters were fitted in the regression.

An important goal of this project was to verify, if the uncertainty of the predicted energy yields is lower
than 5%. It turned out that it's impossible to fully answer this question within this project. It developed
that the uncertainty depends on the number of measurement points and on their distribution over the
performance matrix. For regions in the performance matrix outside the range of measurement data the
uncertainty can’t be determined reliably. But independent of the data set, the relative uncertainty of the
Performance Matrix always increased with decreasing irradiance.

Using the reliable Performance Matrixes of the measured modules, yearly energy yields of 1100
kWh/kWp to 1200 kWh/kWp were predicted (see figure 14). PV plants in Zurich usually have yearly
energy yields of approximately 900 kWh/kWp. Taking into account a loss of about 20% due to the
inverter and the cables, the predicted brut yield of 1100 kWh/kWp is very reasonable. The differences
between the yearly energy yields calculated with the different Performance Matrixes were very small:
all energy yields were within 4% of the average energy yield, for Kyocera as well as for BP580
modules. The small standard deviation shows the high consistency between the different sets of
measurement data and between the mathematical models. Thus it can be concluded that the three
models Power, Efficiency and Umlm give very similar results. Because the ,real” energy yield of these
modules in Zurich is not known it can’t be determined, how close these calculated energy yields come
to the real energy yield.

Another goal of this project was to determine whether the different measurement methods and
locations (Indoor, suntracker, MPPT fixed rack and I/U fixedrack) lead to the same results. With Indoor
data, the differences in the predicted energy yields between Kyocera and BP580 modules seemed to
be smaller than with outdoor measurement data. Because the measurement procedures Indoor and
MPPT fixed rack were different, it was not possible to decide if this difference was due to the meas-
urement method or due to other influence factors at outdoor measurements. Between |/U fixed rack
and Indoor data, no significant differences could be detected.

The data base was too small to decide, if the difference in the energy yields calculated with MPPT
fixed rack, I/U fixed rack, Indoor and suntracker measurements were significant.

The main reason for the project energy rating was the hope of being able to rank modules according
to their energy yield at a certain location and thus to be able to find the best module for a planned PV
system. In this project therefore two different module types (polycristalline Kyocera modules and
monocristalline BP580 modules) were investigated. The results indicate a lower energy yield in Zurich
for the BP580 modules than for the Kyocera modules. Also for standard days, Kyocera modules seem
to produce higher energy yields than BP580 modules. But the differences are very small (4 to 6.5%)
and depend on the measurement method. With Indoor measurements the predicted differences in
energy yields are only 3 %. With outdoor measurements, the differences are higher, but there doesn'’t
exist a reliable data set of all 6 modules measured outdoor with the same measurement method.
Differences in the energy yield therefore might be due to differences in the measurement methods
instead of differences between the module types.

7. Outlook

The models and measurement methods investigated in this project are consequently improved. At PSI
already a new version of the model Efficiency exists [xiii ] and also the model ImUm is further
developed at TISO. Outdoor measurements are improved, too. The measurement stand at PSI has
been automated which will allow to measure suntracker data all over the day in 2 minute intervals in
future. Performance Matrixes based on suntracker data therefore won’t suffer from too small data
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bases any more. At TISO the electronic will be modernised thus preventing corrupt data sets as
occurred in this project for the modules BP580. The MPPT tracking and the measurement interval
probably will be changed too, which might reduce the amount of scatter.

Due to the improved hardware, some additional measurements in the course of this project could give
important additional information to the following questions:

1. Are the observed differences in predicted energy yields of up to 4% between measurement
data Indoor, suntracker, MPPT fixed rack and I/U fixed rack due to the different measurement
methods, due to the different locations (climate) or random?

2. What is the influence of the angle of incidence on the Performance Matrix?

To answer the first question, measurement data of one module at different climates should be
acquired with the same measurement method. This would allow to decide, if the differences depend
on the measurement method. The easiest way to gather measurement data of different locations with
the same measurement equipment would be to install a transportable measurement stand on a truck.
In order to be able to detect possible climatic influence factors, in addition to the irradiance and
temperature also other parameters as cell temperature, direct irradiance and air mass should be
measured.

To answer the second question, measurements with suntracker and fixed rack should be done
simultaneously and at the same location. Thus, measurement data and the resulting Performance
Matrixes could directly be compared.

The results of this project show, that the Performance Matrix allows to predict energy yields and that
the results are very reasonable. Nevertheless, in the course of this project it couldn’t be verified how
close these predicted energy yields come to the ,real” energy yields of the modules. To answer this,
the real energy yield of a module should be measured and then compared with the predicted energy
yields. This could easily be done with the method MPPT fixed rack: this method allows to measure the
“real” energy yield of a module and at the same time to acquire measurement data for producing the
Performance Matrix. Such measurement data for a whole year already exist for different modules.
Therefore it would be easy to create the Performance Matrixes with different mathematical models and
to predict the yearly energy yield using METEONORM data of irradiance and temperature for Lugano.

8. References

" METEONORM Version 5.0; J. Remund, S. Kunz; METEOTEST, Fabrikstrasse 14, CH-3012 Bern;
Apr. 2003

" ENERGY RATING OF DIVERSE PV MODULE TECHNOLOGIES THROUGH INDOOR AND
OUTDOOR CHARACTERISATION; R.P. Kenny, E.D. Dunlop, T. Sample, K.Reitz, D. Anderson; Proc.
PV for Europe, Rome, ltaly 2002; European Commission Joint Research Centre renewable Energies
— Environment Institute, European Solar Testing Installation (ESTI), Ispra

" EFFICIENCY OF SELECTED PHOTOVOLTAIC MODULES UNDER VARYING CLIMATIC CONDI-
TIONS, W. Durisch”, O. Struss ?, K. Robert ¥ Invited Paper Presented at the World Renewable
Energy Congress VI, WREC 2000, Brighton; Y pg| Villigen, Switzerland, 2 Fresenius Academy,
Idstein, Germany, ¥ Technical College Libeck, Germany

" MATRIX METHOD FOR ENERGY RATING CALCULATIONS OF PV MODULES; Proceedings of
the PV in Europe Conference, Rome, (2001) G. Friesen, D. Chianese, S. Rezzonico, A. Realini, N.
Cereghetti, E. Bura; LEEE-TISO, Laboratory of Energy, Ecology and Economy, University of Applied
Sciences of Southern Switzerland (SUPSI), Canobbio



S-17
Energy Rating

Y ENERGY RATING OF PV MODULES: COMPARISON OF METHODS AND APPROACH; R. P.
Kenny, E. D. Dunlop, G. Friesen, D. Chianese; Proc. 3rd World Conference on Photovoltaic Solar
Energy Conversion, Osaka, Japan, 2003.; European Commission Joint Research Centre renewable
Energies — Environment Institute, European Solar Testing Installation (ESTI), Ispra

" RAPPORTO FINALE — CENTRALE LEEE-TISO 2000-2003 (in italian with english abstracts);
download available under http://www.leee.supsi.ch/; G. Friesen, D. Chianese, S. Rezzonico, A.
Realini; N. Cereghetti, E. Bura; LEEE-TISO, Laboratory of Energy, Ecology and Economy, University
of Applied Sciences of Southern Switzerland (SUPSI), Canobbio

"' ANNUAL REPORT 2002, PV-PRO-TEST-DATENBANK — ENERGIEERTRAG, OUTPUT OF PV-
MODULES; W. Durisch, J-C. Mayor, K.H. Lam*; Paul Scherrer Institut, PSI; * University of Hong Kong;
Villigen PSI; Jahresertragrechnung mit Wirkungsgradmodell; W. Durisch, J-C. Mayor; Paul Scherrer
Institut, PSI Villigen

i ANNUAL REPORT 2002, PV-PRO-TEST-DATENBANK — ENERGIEERTRAG, OUTPUT OF PV-
MODULES; W. Durisch, J-C. Mayor, K.H. Lam*; Paul Scherrer Institut, PSI; * Univeristy of Hong Kong;
Villigen PSI

" ENERGY RATING PREDICTION METHOD- MATRIX METHOD — APPLIED TO CIS MODULES;
Proceedings of the 19th European PV Solar Energy Conference, Paris, (2004); G. Friesen, D.
Chianese, N. Cereghetti, A. Bernasconi; LEEE-TISO, Laboratory of Energy, Ecology and Economy,
University of Applied Sciences of Southern Switzerland (SUPSI), Canobbio

* ANALYSIS OF FACTORS INFLUENCING THE ANNUAL ENERGY PRODUCTION OF PHOTO-
VOLTAIC SYSTEMS; D.L. King et al.; 29th IEEE PVSEC, New Orleans, (2002)

* OBTAINING MODULE ENERGY RATING FROM STANDARD LABORATORY MEASUREMENTS;
D. Anderson, T. Sample', E. Dunlop; European Commission, Joint Research Centre, Renewable
Energies Unit, Via Fermi ' Ispra (VA) 21020

Xii

DRAFT Recommended Practice for the Evaluation of Photovoltaic Module Energy Production; IEEE
P1479/D4; 14.7.1998

“ EFFICIENCY OF SELECTED PHOTOVOLTAIC MODULES AND ANNUAL YIELD AT A SUNNY
SITE IN JORDAN; W. Durisch, B. Bitnar, J.-C. Mayor, K.-H. Lam', J. Close' ; World Renewable
Energy Congress VIII (WREC 2004), Denvere, USA, Proceedings, Elsevier Science Ltd. ISBN 008-
0444709." The University of Hong Kong, Dept. of Architecture, Hong Kong, China



S-18
Energy Rating

Appendix A: Mathematical Model “Linear’

NEEDED INPUT DATA
Electricity yield Pmax

Incident global irradiation Gglobal

Ambient temperature Ty

ELIMINATION OF OUTLIERS

1.

Creation of a temperature — irradiation grid. The length of one grid cell corresponds to 1°C, the
width to 10 W/m?

For each single grid cell calculate the average Pav by taking the average of all Pmax-values
belonging to that grid cell. Use all measurement data. (Example: all Pmax-values with a be-
longing ambient temperature between 10.5°C and 11.5°C and with a belonging global irradia-
tion between 355 W/m? and 365 W/m? are averaged and filled in the grid cell 11°C, 360W/m?.)

Eliminate all grid cells with a low event number (less than 10 belonging Pmax-values)

Eliminate all grid cells whose Pav has a standard deviation > 20% of Pav.

Z (Pmax,i - Pav )2

The standard deviation is calculated with the formula Standard deviation = l—l
n—

Pmax1 are the Pnay-values that were used to build P,,. n is the number of Ppa-values that were

used to build P,

CREATION OF THE PERFORMANCE MATRIX

1.

Perform a linear regression (formula: Pav = a + b*T ) for every row of your grid that contains
more than 6 Pav-values. Then calculate the Pav-values for all temperatures and fill them in
the row.

Perform a multiple regression (formula: Pav = a*Gi + b*Gi2) for every column of your grid that
contains more than 6 Pav-values. Then calculate the Pav-values for all irradiations and fill
them in the column.
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Appendix B: Mathematical Model “Power”

NEEDED INPUT DATA
Energy yield at maximum power point Pmax
Global irradiance G

Ambient temperature Tamb

ELIMINATION OF OUTLIERS

1. Fit the power P = P1-G2 + P2:G3/2 + P3-G4/3 + P4-G5/4 + P5.G6/5 + P6-Tamb-G ( with P1,
P2, P3, P4, P5, P6 = parameters). Use all measurement data.

i=1

2. Calculate op: op° =
n—number of parameters

3. Eliminate all data with GP’ —131‘ >0'P)

CREATION OF THE PERFORMANCE MATRIX

1. Fit the power P = P;-G? + P,G*? + P3G"® + PG + P5G®® + PgTamb-G ( with Py, P,, Ps,
P4, Ps, Ps= parameters). Don’t use the outliers.

2. Calculate P from the power formula for many different global irradiances and temperatures

3. Plot the performance matrix (P against G and Tamb)
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Appendix C: Mathematical Model “Efficiency”

NEEDED INPUT DATA
Efficiency n
Global irradiance G
Ambient temperature Tamb

Cell area

ELIMINATION OF OUTLIERS

1/2 1/3 1/4 1/5
 rupmotomey () (1o o( ) - o()-1- (%)

with a, b, ¢, d, e, f = parameters. Use all measurement data.

D (effi —eff)’

n—number of parameters

2. Calculate the appropriate ceff: afﬂ =

3. Eliminate all data with (|effi - &ffi|> ceff)

CREATION OF THE PERFORMANCE MATRIX

1/2 1/3 1/4 1/5
1. Fit the efficiency n = a-(%) + b(%) + c(%) + d(%) + e-(%) +f-  witha,

b, c, d, e, f = parameters. Don’t use the outliers.
2. Calculate Tcell for many different ambient temperatures with the formula: Tcell = Tamb + h-G

3. Calculate n from the efficiency formula for many different global irradiances and the cell tem-
peratures computed before

Calculate Pmax from every n value: Pmax = n -cell area-global irradiance

5. Plot the performance matrix (Pmax against G and Tamb)



Appendix D: Mathematical Model “IscUocFF”

NEEDED INPUT DATA
Current at short circuit Isc
Voltage at open circuit Uoc
Fill factor FF
Incident global irradiation Gglobal

Cell temperature Tcell

ELIMINATION OF OUTLIERS

1. Fit the current: Isc =al + a2 - G + a3 - Tcell. Use all measurement data.

n

Y

Z(Isci —Isci)

2. Calculate Gig: Ojge" = =————————
n-3

3. Fitthe Voltage: Uoc = b1+ (b2 + b3-Tcell)-LN(G) — b4-Tcell. Use all measurement data.

i (Uocl- —1}001-)2

=1

4. Calculate cUoc: cUoc2 = n—4
5. FitFF: FF =c1—(c2-G + c3)/LN(G) — Tcell - (c4 -G + c5). Use all measurement data.

n

> (e, - 7,
6. Calculate oFF: oFF2 = =L 5
e

7. Eliminate all data with (

Isc; —iSCi‘ >O',SC) , (Uocl- —ljocl-‘ >O'U0L.) or GFFZ —13131‘ >O'FF)

CREATION OF THE PERFORMANCE MATRIX

1. Fit the current: Isc=al +a2- G + a3 - Tcell. Don’t use the outliers.

Fit the Voltage: Uoc = b1+ (b2 + b3-Tcell) - LN(G) — b4-Tcell. Don’t use the outliers.
Fit FF: FF =c1 —(c2-G + ¢c3)/LN(G) — Tcell - (c4 -G + ¢5). Don’t use the outliers.

Isc=al+a2-G+a3-(h*G + Tamb—2)

N o o k0 DN

Uoc = b1+ b2 LN(G) + (b3 - LN(G) — b4) -(h*G + Tamb — 2)
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Calculate Isc from the formula for many different global irradiances and ambient temperatures:

Calculate Uoc from the formula for many different global irradiances and ambient temperatures:
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8. Calculate FF from the formula for many different global irradiances and ambient temperatures:
9. FF=c1-(c2-G +c3)/LN(G) — (-G + Tamb — 2)-(c4 -G + c5)

10. Fit Pmax: Pmax =FF - Isc - Uoc

11. Calculate Pmax from the formula for many different global irradiances and ambient temperatures
12. Plot the performance matrix (Pmax against G and Tamb)



Appendix E: Statistical Error Analysis

PROGNOSIS INTERVAL

The 95% prognosis interval of a multiple linear regression is defined as

Ay = 1y,

5%,n—number of parameters

Gt (XX) 'x,
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This interval indicates the range in which a future value will be measured with a probability of 95%.

t- value

The value of t9.7.5%,n—numberofparameters
measurement points.

Sigma

For a formula of the form y = a1-x1+a2-x2+ ... +ap-xp G can be calculated with the formula:

n

Z(yi —(a;-x; +ta, x, +..+a, -xp)l-)2

6'2 i=]

n—p

yi: measured y-values
Yi: calculated y-values that correspond to yi
n: number of measurements

p: number of parameters in the formula

Matrixes

For a formula of the form Yi = a1-x1i+a2-x2i+

r_
Xo—[xm X2 Xo3 o xOp]
Xo1
_| o2
Xg =
xop

o X Xin
X' = X X Xon
X X X

... +ap-xpi the matrixes are:

is 1.98 if the Performance Matrix bases on more than 100
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X Xy Xt
X X X
12 2 P2
X =
xln 'x2n 'xpn

with xai: measurement values of the dependent variables

LAW OF ERROR PROPAGATION

For any dependent variable y that is defined by the equation y = f(x1, x2, ...,xn) with the independent
variables x1, x2, ... xn the 95% prognosis interval is:

2 2 2
Ay =l 2an |+ A, | | A
ox, ox, ox,

where Ax1, AX2,... , Axn are the 95% prognosis intervals of the independent variables x1, x2, ... xn




