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EXECUTIVE SUMMARY

Efficiency measurements were performed on the photovoltaic (PV) system at Al Kaabneh
day school on July 18, 1999. Tests were made both at the component level and the system
level. The principal components, i.e., the PV panels supplied by ASE Americas, were found
to be of state-of-the-art efficiency and all were found to be operating in completely
satisfactory manner. These are among the highest efficiency modules we have studied under
desert conditions. Delivery of electrical energy from the roof-mounted PV panelsto the
indoor power conditioning components was found to occur with minimal, if any, loss. A



number of recommendations are made that could help maximize system efficiency for all
seasons of the year, including periods during which the school is not in session.

1. INTRODUCTION

On July 18, 1999, we visited the village of Al Kaabneh, near Hebron, (approximate
coordinates: Latitude 31° 24’ N, Longitude 35° 12" E) in order to perform a quantitative study
of a2.4 kWp PV system that Greenstar had installed on the roof of the regional high-school.

The system consists of two strings of four ASE 300-DGF/17 modules, each string having its
modules connected in series. The modules face due south at atilt angle of 25° to the
horizontal. Two cables (one from each string) descend from the roof and feed an inverter /
battery-storage system. Fig.1 shows the array as presently positioned on the roof-top of the
school.
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Figure 1: The roof-mounted PV array at Al Kaabneh high school.

Modules shown (left to right) are: back row, “A” through “D”; front row;
“E” through “H". (See Table 1)

2. MEASURING EQUIPMENT
For measurement purposes we took with us:
1. A Daystar Corp. |-V curve tracer.

2. A calibrated Eppley Corp. PSP pyranometer mounted on a stand having an adjustable tilt
angle (shown in foreground of Fig.1).



3. A Solarex Corp. SX45 module (one of our standard references modules) for control
pUrposes.

4. An ASE Americas Corp. ASE 50-AL/17 (of similar construction to the test modules) for
additional control purposes.

5. Copper-constantan thermocouples with plugs (for attachment to the test modules).

6. A Campbell Scientific Corp. 21X micrologger (for recording irradiance and temperatures).
7. A hand-held wind gauge.

8. A laptop computer for downloading data from the |-V curve tracer and the micrologger.

3. MEASUREMENT CONDITIONS

M easurement conditions were as near perfect as could be desired since there was a cloudless
blue sky from the time of our arrival at the site, around 10 am Summer Time [corresponding
to 9 am Israel Standard Time (IST)], through the noontime, IST, period during which
measurements were made. Wind speed was unmeasurably small. Fig.2 is a photograph of the
village, taken as we were about to depart in the late afternoon. One sees that the sky was till
cloudless at that time.

Figure 2: Clear sky over the village of Al Kaabneh

4. MEASUREMENT PRACTICE

The test modules were disconnected from one another and thermocouples were attached to
the rear surface of each, using adhesive tape.

A reference module (SX45) was first set up parallel to the plane of the system array and the
pyranometer stand was adjusted to the same orientation. An [-V curve was then taken for this
reference module. The latter was then replaced by the second reference module (ASE 50) and
another 1-V curve was taken. The second reference module and the pyranometer were then



re-orientated to normal incidence and athird 1-V curve was taken. Finally, the second
reference module was replaced by the first - thistime also at normal incidence - and a fourth
[-V curve was taken.

The pyranometer was then re-adjusted to the angle of the system array and eight |-V curves
were taken, one for each of the modulesin the array. See Fig.3.

Figure 3: The process of 1-V curve measurement for module “H”. The
plane-of-array pyranometer is seen on the left of the picture.

These twelve |-V curve measurements, together with their associated modul e temperatures
and irradiance measurements, constituted the “first run”, which lasted from 10:50 through
11:05IST.

The first run was then repeated two further times, the third run terminating at 11:38 IST -
approximately solar noon. Thesefirst 36 1-V curves were then downloaded to the laptop
compurter, freeing the -V curve tracer memory for some more-detailed studies.

For the 3 runs described above, measurements were performed with uncleaned modules and
(other than for the control modules) at non-normal incidence. The reason for thisis that we
wanted to have a set of measurements that represented one typica “asis’ condition for the
system. In actual fact, the modules were found to be lightly covered in dust with some flecks
of paint/whitewash - the latter, no doubt, being the product of nearby decorating work that
was in progress during the time of our visit to the site. However, for more quantitative
purposes, the following additional tests were performed.

Two of the modules, “A” and “B” (see Table 1) were then cleaned (Fig.4) and re-measured.
One of them, “A”, was subsequently moved from its stand and measured under conditions of
normal incidence.



Figure 4: Modules“A” and “B” after cleaning, compared with “asis’
neighboring modules

Finally, the array modules were re-connected in their original configuration and the array 1-V
curves were measured downstairs, at the input to the inverters. For these measurements
however, neither the modul e temperatures nor the solar irradiance were actually measured.
Nevertheless, both could be estimated quite well by extrapolating the previous measurements
of these parameters.

Module label assignment Module Seria No. Module position in the array
A 42578 back (north) row, westmost

B 42568 back row, 2nd from westmost
C 42577 back row, 2nd from eastmost
D 42569 back row, eastmost

E 42574 front (south) row, westmost

F 42567 front row, 2nd from westmost
G 42575 front row, 2nd from eastmost

42576 front row, eastmost

H
Table 1: Module identification for the Al Kaabneh school 2.4 kWp PV array




5.RESULTS OF CONTROL MEASUREMENTS
5.1 Control module SX45

Table 2 presents the results of all seven 1-V curve measurements taken at Al Kaabneh on our
SX45 control module. The table displays: in column 2, the observed range of “asis’
measurements (including plane of aperture irradiance and module temperature); in column 3,
the average of the measurements after adjustment, as closely as possible, to standard test
conditions (25° C cell temperature, 1000 W m2 irradiance, AM 1.5 spectrum); in column 4, a
reference set of measurements taken on this module at our Sede Boger test facility at a

similar time of year [1].

Parameter Measured range STC-adjusted values  Reference value [1]
I [A] 2.74-294 2.83+0.02 2.86 + 0.02

Vo [V] 179-185 20.1+£0.3 20.7+£ 0.5

I [A] 2.43-2.65 2.51+0.03 2.55+ 0.03

Vi [V] 13.6-14.0 15.7+0.3 165+ 05

Prax [W] 33.7-37.0 39.4+0.3 421+11

FF [%] 67.3-68.1 69.6 £ 0.2 71.3+£0.2

Hpoa [W M7 951 - 1018 1000 1000

T4 [° Cl 46.3 - 56.8 25 25

Table 2: Measured and reference values for the |-V parameters of our SX45 control module

One sees that the agreement between our results at Al Kaabneh and Sede Boger, for the SX45
reference module, is sufficiently close to indicate that no serious systematic errors were made
during the Al Kaabneh tests.

5.2 Control module ASE 50-AL/17

The significance of this module liesin the fact that it has cells of similar type and size to
those of the ASE 300-DGF/17 modules that were under test; the smaller module having 36
cellsin series and the latter, 216 cells, wired as 6 parallel strings of 36 cells. (cell dimensions:
10 cm x 10 cm) In principle, this module would have sufficed as a control module but in
practice it istoo recent an acquisition for usto have built up arobust data base of
performance measurements, as we have done for the SX45 reference module (which contains
polycrystalline Si cells). Table 3 presents the results of all seven |-V curve measurements
taken at Al Kaabneh on the ASE 50-AL/17 control module, together with the results of a

single set of measurements made the previous winter.

Parameter Measured range STC-adjusted values  Reference values *
I [A] 3.02-323 3.12+0.03 3.20 + 0.002

V. [V] 18.7-19.0 204+ 0.1 20.6 + 0.02

I [A] 2.72-2.89 2.78 £ 0.03 2.86 £ 0.003

Vo [V] 145-14.8 16.2+0.2 16.5+ 0.03

Prax [W] 39.5-425 45.0+ 0.5 47.1 + 0.06

FF [%] 69.3 - 69.5 70.8+0.1 71.5+0.02

Hpoa [W M7 956 - 1014 1000 1000

T..q[°C] 45.7 - 53.1 25 25




Table 3: Measured and reference values (*taken 15.12.98 at Sede Boger) for the I-V
parameters of our ASE 50 control module

As aready emphasized, the reference values, shown in Table 3, for the parameters of this
module were measured in winter. At that time of year, owing to spectral differencesin the
light, one expects dightly higher efficiencies for crystalline silicon cells than in summer
(when referred to standard temperature and illumination levels) [2,3]. Our measurements at
Al Kaabneh on this second control module are therefore in accord with what we could have
expected based on our previous measurements on this module.

6.IN SITU STUDY OF THE ASE 300-DGF/17 TEST MODULES
6.1 The uncleaned test modules

Tables 4A - 4H show the corresponding results for the three measurements made on each of
the ASE 300-DGF/17 test modules in the system design orientation. In order to perform the
STC adjustments, we used voltage and current temperature coefficients derived from values
we had determined for our control ASE 50-AL/17 module, mutatis mutandis. Namely, in the
case of the smaller module, we measured the values: a = 1.6 mA K*, b=-61mV K
hence, for the larger module, we employed thevalues: a =9.6 mA K*, b=-61mV K™

Parameter Measured range STC-adjusted values
I [A] 18.0-18.2 18.2+0.12

V. [V] 18.4-18.9 20.3+ 0.05

I [A] 16.0-16.1 16.1+ 0.05

Vi [V] 14.0- 145 159+ 0.04

Poax [W] 224 - 232 256 + 0.2

FF [%] 67.2-68.1 69.3+0.23

Hpoa [W M7 970 - 983 1000

T od [° Cl 49.0 - 55.9 25

Table 4A: Measured parameters for ASE 300-DGF/17, module “A” (“asis’, at 25° tilt angle)

Parameter Measured range STC-adjusted values
I [A] 18.0-18.3 18.2+ 0.09

V. [V] 18.4-18.8 20.4 + 0.01

I [A] 159-16.1 16.0+£0.10

Vo [V] 14.0-145 16.0+ 0.09

Prax [W] 224 - 230 256 + 0.2

FF [%] 66.9 - 67.9 69.1 + 0.26

Hpoa [W M7 980 - 986 1000

T0a [°Cl 50.2 - 57.3 25

Table 4B: Measured parameters for ASE 300-DGF/17, module “B” (“asis’, at 25° tilt angle)




Parameter
I [A]

Ve [V]

lop [A]

Vip [V]

Prac [W]

FF [%]

Hpoa [W m2]
T [°Cl

Measured range

18.0-18.3
18.5-18.9
16.1-16.3
14.0-14.5
228 - 234

67.4-68.5
980 - 987

50.6 -57.5

STC-adjusted values

182+0.11
20.5+0.02
16.2+0.05
16.0+ 0.04
260+ 0.5
69.8 £ 0.28
1000

25

Table 4C: Measured parameters for ASE 300-DGF/17, module “C” (*asis’, at 25° tilt angle)

Parameter
I [A]

Ve [V]

lop [A]

Vo [V]

Prac [W]

FF [%]

Hpoa [W m2]
T [° Cl

Measured range

17.9-18.2
18.5-18.9
16.1-16.3
139-144
225-231

67.0-67.9
978 - 987

49.7 - 55.4

STC-adjusted values

18.2+0.12
20.3+0.03
16.2+0.12
158+ 0.10
256 + 0.5
69.1+0.23
1000

25

Table 4D: Measured parameters for ASE 300-DGF/17, module “D” (“asis’, at 25° tilt angle)

Parameter
I [A]

Ve [V]

lop [A]

Vip [V]

Prac [W]

FF [%]

Hpoa [W m2]
T [°Cl

Measured range

18.1-18.2
18.4-18.6
16.1-16.3
13.9-14.3
226 - 229

67.5-68.0
972 - 983

524-54.2

STC-adjusted values

18.3+0.10
20.2+0.05
16.3+0.15
158+ 0.12
257+ 0.6
69.5+0.11
1000

25

Table 4E: Measured parameters for ASE 300-DGF/17, module “E” (*asis’, at 25° tilt angle)




Parameter Measured range STC-adjusted values

| [A] 17.9-18.0 18.1+ 0.10
V.. [V] 18.6 - 18.8 20.5 + 0.04
1, [A] 16.0-16.1 16.1+ 0.03
Vv, [V] 14.3 -14.4 16.1+ 0.03
P, [W] 228 - 231 259 + 0.6
FF [%] 68.1- 68.4 70.0+0.12
Hooa [W M 972 -981 1000

T, [°C] 53.0 -55.6 25

Table 4F: Measured parameters for ASE 300-DGF/17, module “F” (“asis’, at 25° tilt angle)

Parameter Measured range STC-adjusted values
I [A] 18.1-18.2 18.3+ 0.09

V. [V] 18.5-18.7 20.5+ 0.01

I [A] 16.0-16.2 16.2+ 0.10

Vi [V] 14.1- 143 16.0+ 0.07

Poax [W] 226 - 229 259+ 0.8

FF [%] 67.1-67.5 69.2+0.14

Hpoa [W M7 973-981 1000

T 0 [° Cl 54.5-575 25

Table 4G: Measured parameters for ASE 300-DGF/17, module “G” (“asis’, at 25° tilt angle)

Parameter Measured range STC-adjusted values
I [A] 18.3-18.3 18.4 + 0.09

V. [V] 18.5-18.8 20.5+ 0.01

I [A] 16.3- 16.4 16.4 + 0.09

Vi [V] 14.1-144 16.1+0.02

Prax [W] 230- 234 263+ 1.0

FF [%] 67.8 - 68.3 69.8 + 0.08

Hpoa [W M7 976 - 985 1000

T od [° Cl 53.1-57.0 25

Table 4H: Measured parameters for ASE 300-DGF/17, module“H” (“asis’, at 25° tilt angle)

Two important points are clear from Tables 4A-4H. First; for each module, all three
measurements yielded extremely similar results - in spite of the I-V curve tracer and
thermocoupl es having been disconnected, and reconnected after approximately 15 minutes,
between measurements, and in spite of the irradiance not having been at normal incidence.
This gives usincreased confidence in the accuracy of our measurements. Second; all eight
modules are seen to have quite similar 1-V curve parameters. Thisisto be expected for new
modul es manufactured to high levels of quality control. In the present case the standard
deviation among the power ratings for the eight modules is seen to be smaller than +1% of




their mean value. In our experience, this represents an unusually high level of quality control

for commercial modules.

6.2 The effect of cleaning the test modules

As mentioned above, after thefirst three “asis’ runs, modules“A” and “B” were cleaned.
Each was then tested three times at the system design 25° tilt angle, and module “A” was
subsequently tested four times at normal incidence. Tables 5A, 5B and 5AN display the

respective results of these measurements.

Parameter Measured range STC-adjusted values
I [A] 19.0-19.2 19.1+0.03

Vo [V] 185-185 20.4+ 0.01

I [A] 16.9-17.2 16.9+0.17

Vi [V] 13.8-14.1 15.8+0.14

Prax [W] 237 - 238 268 £ 0.2

FF [%] 66.9-67.1 68.9+ 0.18

Hpoa [W M7 985 - 991 1000

T4 [° Cl 55.7 - 56.3 25

Table 5A: Measured parameters for ASE 300-DGF/17, module “A” (after cleaning, at 25° tilt
angle)

Parameter Measured range STC-adjusted values
I [A] 19.1-19.2 19.1+0.01

V. [V] 18.5-18.5 20.4 + 0.02

I [A] 16.9-17.1 16.9+ 0.07

Vi [V] 13.9-14.0 15.8+ 0.07

Prax [W] 236 - 237 266 + 0.1

FF [%] 66.7 -66.8 68.6 + 0.02

Hpoa [W M7 986 - 992 1000

T 04 [° Cl 55.4 - 56.3 25

Table 5B: Measured parameters for ASE 300-DGF/17, module “B” (after cleaning, at 25° tilt

angle)
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Parameter Measured range STC-adjusted values
I [A] 19.6 - 19.7 19.1+0.02

Vo [V] 18.6- 18.7 20.4 + 0.02

I [A] 17.3-17.6 16.9+ 0.07

Vi [V] 14.1-14.3 15.9+ 0.05

Prax [W] 246 - 247 270+ 0.5

FF [%] 67.1-67.4 69.0+ 0.14

Hpoa [W M7 1012 - 1015 1000

T4 [°Cl 53.0- 55.7 25

Table 5AN: Measured parameters for ASE 300-DGF/17, module “A” (after cleaning, at
normal incidence)

Comparison of Tables 5A and 5AN reveal no significant difference between the STC-
adjusted module parameters measured at normal incidence and at a 25° tilt angle to the
horizontal. This is not really surprising since both sets of measurements were made a few
minutes on either side of solar noon, and at this time of year this coincides tolerably closely
to normal incidence on a 25° tilted surface. [To be precise, solar noon was at 11:45, at which
time the zenith angle was close to 10°. This means that the angle of incidence was
approximately 15° the cosine of which is 0.97]. We should also comment that the STC value
of P, = 270 W determined, from our norma incidence measurements on the cleaned
module A, represents a gross-area module efficiency of 11.2%. This would place the ASE
300 among the highest efficiency modules we have studied under desert conditions.

Comparison of Tables 5A and 5B with the corresponding Tables 4A and 4B indicate that dirt
on the modules was responsible for an approximately 5% lowering of system performance.
We have no way of knowing when, if at al, the modules had been cleaned prior to these
measurements, however, the ease of access to the modules suggests that periodic cleaning
should present no problem.

7. OVERALL ARRAY PERFORMANCE

Two measurements were made, downstairs, of “array 1” and three measurements of “array
2". We did not investigate which of these corresponds to the northern string of modules and
which to the southern one. However, in view of the similar measured specifications of all
modules, and considering the other uncertainties (i.e. extrapolated solar irradiance and
modul e temperatures) thisinformation is not vital. The main purpose of these fina
measurements was to verify that the array had been re-connected in a satisfactory manner and
to provide some idea of the extent to which what was being generated on the roof was
comparable to what was reaching the inverter/storage room.

Assuming module temperatures of 56° C and a plane-of-array irradiance of 975 W m™, “array
1" was found to have an STC-adjusted maximum power point of 1059 W and “array 2" was
found to have avalue of 1039 W. If we compare these with the sums of the STC-adjusted
maximum power points of the northern array, as given in Tables 4A-4D (1028 W), and the
southern array, as given in Tables 4E-4H (1038 W), we find, at worst, a 3% discrepancy. In
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view of the stated uncertainties we may confidently conclude that the DC power supplied to
the inverters coincided closely with what was being generated by the array.

8. CONCLUSIONSAND RECOMMENDATIONS

We have performed a self-consistent set of in-situ measurements which: (a) provide a
detailed, high-precision characterization of all modulesin the array; (b) indicate that all
modules have rather similar characteristics to one another (with gross-area STC module
efficienciesin excess of 11%); (c) indicate that the array modules have comparable
performance parameters, mutatis mutandis, to an unused control module of similar
construction; (d) provide some information of the effect of dust on the array; (€) provide a
quantitative set of initial parameters for future follow-up measurements.

On the day in question, we found the array to be functioning in a completely satisfactory
manner in that: (a) no modules were defective; (b) all modules had similar characteristics to
within £1% of the mean; (c) the module performances figures were comparable to those of a
control module of similar construction that we had taken along to accompany these tests; (d)
the power arriving at the inverter was comparable to the amount being generated by the array.

However, the storage batteries were observed to be fully charged at noon. This fact together
with a number of other system observations, enumerated below, should be brought to the
attention of the system designers/installers, in order to maximize the effiency at which the
system may be expected to operate at all times of the year.

1. The school year runs from October through June. This means that the PV systemiis

essentially unused during the months when it is capable of producing its highest output
(approximately 30% of the annual total). In view of the fact that most of the villagers have no
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home el ectricity supply we would suggest that there may be useful ways for re-directing the
summer surplus from the schooal.

2. Theinverter system is currently of less than optimal design. The main (Trace Corp.)
inverter produces a 110 V output which is not compatible with local consumer electrical
products - which operate at 230V. A second, smaller, 220 V inverter, of 1 kWp rating, is
connected to a subset of the storage batteries, but it is not compatible with the array voltage
and will probably lead to uneven battery aging. This setup certainly reduces the overall
system efficiency in a significant manner.

3. The most effective solution would be to replace the present inverters with a230 V model,
appropriately matched to the array. Serious consideration should also be given to the
desirability and practicality of eliminating the need for AC power by using DC appliances.

4. We should also report on two slight installation oversights, both of which are easy to
rectify. First, the west side of the PV array islocated too close to the roof parapet (See Fig.5).
The latter will cast an afternoon shadow, particularly in winter, which will result in a serious
decrease in short-circuit current for the array. The entire array should be shifted eastward by
approximately 1-2 meters. Table 6 lists some relevant dimensions and angles will enable the
precise shift required to be calcul ated.

5. Second, the wiring and module interconnects on the roof were found to be of an
improvised nature, no doubt to facilitate check-out activities such as our own. Proper
waterproof interconnects should, of course, be installed before the rainy season and the
wiring should be protected from chance encounters with humans.

6. Finally, it would be desirable to perform annual follow-up system checks.
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Figure 5: Modules“A” (background) and “E” (foreground) are located
too close (i.e. approximately 47 cm) to the western roof parapet (of height
72 cm above roof level). Afternoon shading by the latter will impair array

performance. [Further dimensions will be found in Table 6]

Height above roof-level of tops of southern and western parapets 72 cm
Distance between western parapet and western edge of array 47 cm
Height above roof level of lower edge of modules 23cm
Height above top of parapet of upper edge of array 6.cm
Distance between southern parapet and lower edge of modulesin south row 300 cm
Gross width of each module 189 cm
Gross length of each module 128 cm
Module tilt angle relative to the horizontal 25°

Site Latitude 31°24' N
Site Longitude 35°12' E

Table 6: Some relevant dimentions and angles for the determination of shading effects
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