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In the paper, in a long-term test procedure, monocrystalline silicon cells were subjected to ex-
amination. Cells were tested in well-controlled laboratory conditions and real conditions. In
laboratory conditions, white light of the artificial sun and monochromatic brightness of yel-
low sodium lamps were used. The testing was aimed at achieving the same aging regime in the
laboratory conditions as in real conditions. This would allow for the laboratory aging algo-
rithm of solar cells as in real conditions, to be defined, hence their working life of commercial
exploitation in urban areas to be determined. By complex mathematical methods, 7. ¢. using
the theory of time duration, it was found that laboratory exposing solar cells to thermal neu-
trons causes their aging with the same mechanism as in real conditions
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INTRODUCTION

Solar energy plays an important role in the dif-
ferent types of renewable energy sources. The first sil-
icon solar cell was made in 1954 and it had a modest
efficiency of 6 %. Present-day solar cells achieve an
efficiency of 25 % which is close to a theoretical maxi-
mum of 31 % [1, 2].

In the development of solar cells (photovol-
taic) technology, great attention has been dedicated to
increasing their efficiency and reducing their produc-
tion costs. This is a prerequisite for wider commercial-
ization of solar power sources. Namely, the production
price (i. e. the energy invested in the technological pro-
cess of production) and the lifetime of solar cells are
such that during their exploitation, not all energy in-
vested can be recovered. For this reason, solar energy
is used in conditions where other energy sources are
unavailable. In such conditions most often there is no
possibility of regular servicing and replacement of
parts of solar cells. This causes the solar cells to be sta-
ble and long-lasting. However, as with all other semi-
conductor devices, the structure of solar cells is de-
graded during their exploitation, which leads to a
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change of their characteristics and their aging. Those
effects are more pronounced when solar cells are ap-
plied in real conditions than when tested in laboratory
conditions. For this reason, testing the lifetime of solar
cells is carried out in laboratory conditions employing
accelerated aging, using radioactive radiation [3-6].

The development of small semiconductor tech-
nologies, using thin films, has enabled the miniatur-
izations of electronic components. This has led to high
sensitivity of electronic components (and assemblies)
to deposited energy, increasing their sensitivity to ra-
diation. The energy deposited by radioactive radiation
is considerably higher than the energy deposited in
real conditions thus allowing for testing the aging rate
of semiconductor components by an accelerated pro-
cess [7-10].

This paper aims to quantify aging test results of
solar cells by an accelerated procedure concerning
tests carried out on solar cells placed on residential
buildings in urban conditions. The quantification pro-
cedure will be done by examining the curves of a life-
time on statistical samples of experimentally obtained
random variables: solar cell currents and resistance of
solar cells.
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CURVES OF THE LIFETIME AND
EXPONENT OF THE LIFETIME OF
SOLAR CELL CURRENTS

If n samples are tested on time for which the cur-
rent from the solar cell decreases to 70 % of its initial
value (i), i. e. the corresponding value of the current
density (J5,), under constant conditions of the experi-
ment, n result of the variable of time for which the cur-
rent has decreased to 70 % of the nominal current, has
been obtained (t;IO) .

Empirical time distribution function F (¢ ;10) 3J 510) ),
fig. 1(a), is obtained based on the experiment per-
formed and is conveniently described by Weibull dis-

tribution [11-14]
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Figure 1. Determination of functions and time
distribution t%) (a), characteristics of the lifetime (b),
and functions of the current flow J;(l}) (c)

where 77 is the time for which the current density de-
creases to 70 % of its initial (nominal) value, J;
Weibull exponent, 63 % quantile of the Weibull distri-
bution of time #7.

Diagram J ;18/ 170, the so-called characteristic of
the lifetime can be constructed using the selected
quantiles of this distribution. Experience has shown
that such a diagram forms the right line on a double ex-
ponential scale, figs. 1(b) and 2. If the confidence in-
tervals are known for the given quantiles, they can be
transmitted to the characteristic of the lifetime. For
each row of quantiles #,, quantile p distribution F(#;;
J %) ), characteristic of the lifetime is described as fol-
lows

J7Op :k70pt71/r (2)

where k7, is a constant that characterizes the geometry
ofthe structure, and » is an exponent of the lifetime that
depends mainly on the material. Spinning in the char-
acteristic of the lifetime indicates a change in the aging
mechanism.
If, in analogy with eq. (1), Weibull distribution is
adopted
..M J;I(z !
F(J3515,)=1-exp BTN 3)
J20.63(130)

and for current J; with fixed time #;¢, then the same
probability is
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Figure 2. Determination of the lifetime in the test:
distribution function J;(ll) (Weibull paper) (a),
characteristic of the lifetime Jy = k4 t;O/' (b)
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the eqgs. (4) and (5), a connection between the Weibull
exponents for J,, and t,, (65; 6,) and the exponent of
the lifetime is obtained, in the form

_9
6t
This equation is true only if both variables J5, t5,

have Weibull distribution fig. 1(c). It should be em-

phasized that the eq. (6) and this model can be used
only if r is equally valid for all quantiles, [15-17].

(6)

7

EXPERIMENT AND PROCESSING
OF EXPERIMENTAL RESULTS

During the experiment, long-term recording of
current-voltage characteristics of a large number of
monocrystalline silicon solar cells of the same type
(identical), were performed, fig. 3.

Vimv]

Figure 3. Corrected and uncorrected current-voltage
characteristics of the tested solar cell

Measurements of solar cells exploitation were
made both in the laboratory and in real conditions.
Laboratory measurements were carried out in
well-controlled conditions with the variable parameter
such as type of illumination, the intensity of light, type
of radioactive radiation. Two types of lighting were
used: white light (artificial sun) and monochrome light
(sodium sox lamp under pressure). The intensity of
light was changed by the distance of the light source
from the solar cell and measured by a calibrated stan-
dard cell and a lux meter. Types of radioactive radia-
tion were: gamma radiation (cobalt lamp *°CO and
neutron radiation (of accuracy a-Be source). Figure 4
shows the spectrum of neutron radiation of the applied
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Figure 5. Used sample of solar cell

source. Gamma radiation doses were in the range of
10 Gy and 4353 Gy. A neutron source was used in the
air (fast neutrons), wherein the neutron radiation dose
was expressed by the exposure time of the solar cell to
the radiation. In real conditions, solar cells were
placed on the facades of four residential buildings in
the wider area of Belgrade.

Measurements were performed on groups of
fifty statistically identical solar cells, fig. 5.

Their statistical identity was defined by deter-
mining the maximum power and current density at the
point of maximum power and checking the belonging
ofthese random variables to the unique statistical sam-
ples, using the U statistical uncertainty test less than
5 %. During measurements, in the laboratory and real
conditions of exploitation, at even time intervals (12
hours), the current-voltage characteristic was re-
corded and the value of current density at the point of
maximum power was determined. Besides, other rele-
vant parameters of solar cells were determined every
thirty days (open circuit voltage, short circuit current,
internal regular resistance, maximum power, the volt-
age at the point of maximum power and efficiency).
Based on the measurement results, ordered pairs of
values were formed (the time since the beginning of
the measurement, the current density at the maximum
power point). In laboratory conditions, solar cells
were exposed to the lightness ofthe lamps while in real
conditions to the influence of climate. In laboratory
conditions, solar cells, between two consecutive mea-
surements, received certain doses of radioactive sam-
ples. Besides, measurements in the laboratory also in-
cluded a control group of solar cells to which no
radiation dose was applied [18]. The combined mea-
surement uncertainty of the experimental procedure
was less than 5 % [19, 20]. Processing of the measure-

ment results was performed according to the following

steps:

— application of Chauvenet's criterion for rejecting
suspected measurement results,

— application of the U test to statistical samples to
determine the identity of the statistical distribution
to which they belong,

— testing statistical samples of random variables ob-
tained by experiment for belonging to the distribu-
tion of extreme values (Weibull exponential and
double exponential) using a graphic test, y’-test
and Kolmogorov's test,

— drawing curves for the lifetime, and

— determining the exponent of the lifetime accord-
ing to the expression (6) [21, 22].

RESULTS AND DISCUSSION

Figures 6(a) and 6(b) show the results of the
graphic test of belonging random variables t% and
J SO) of one series of measurements in the laboratory, to
Weibull distribution.

Figures 6(a) and 6(b) show that the random vari-
ables tglg and J ;13 of one series of measurements be-
long to the Weibull distribution. Results obtained by
the graphic test were confirmed by y? test and
Kolmogorov test of 5 % statistical uncertainty. The
same results were obtained for random variables t%
andJ ;18 measured in real conditions, . e., on solar cells
on the facades of residential buildings in the wider city
center of Belgrade.
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Figure 6(a). Random variable t%) on the Weibull
probability paper
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g:gg under the influence of white light than under the influ-
0.80 | ence of monochromatic light. Analogous results have
8(758 { been obtained with different values of the light flux

_ 050 1 which shows that the solar cell aging process does not

e ggg | depend on the light flux. Figure 8 shows the curves of

- the lifetime of solar cells exposed to the artificial sun

E 020 T (light flux of 58 Wm™2) that previously received a dose

et 546 of gamma radiation of 0,617 kGy and 1522 kGy.

’ Figure 8 shows the results indicating that solar
0.050b— | - cells in laboratory conditions age faster if they re-
ceived a dose of gamma radiation. It can also be con-
3 cluded that the rate of aging of the solar cell increases
with the amount of the previously received dose of
o _ gamma radiation.

3 Figure 9 shows the curves of the lifetime of the
solar cell exposed to the artificial sun (light flux of
32 Wm™?) that previously received a dose of neutron

radiation for 0,1 to 10 days.
The results shown in fig. 9 lead to the conclusion
it that solar cells age faster if exposed to neutron than to
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Figure 6(b). Random variable J%) on the Weibull
probability paper

As it has been established that random variables
tgo) and J ;10) belong to the Weibull distribution, it was
possible to determine the curves of the lifetime and the
exponent of the lifetime according to the previously
described procedure.

Figure 7 shows the curves of the lifetime of the
solar cells exposed to the artificial sun (light flux of
32 Wm ?) and monochromatic brightness of sox lamp
(light flux of 8.58 Wm 2) without exposure to radioac-
tive radiation.

Based on the results shown in fig. 7, it can be
concluded that solar cells in laboratory conditions age
by a unique mechanism and that they age much faster
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Figure 7. Curves of the solar cell lifetime:
(1) solar cell exposed to artificial sun,
(2) solar cell exposed to monochromatic light of sox lamp

gamma radiation. It can also be concluded that the ac-
tivity of neutrons over a long period leads to a change
in aging mechanisms.

From fig. 10, it can be concluded that solar cells
in real conditions age faster than the same cells exam-
ined in laboratory conditions. It can also be concluded
that with the passage of time, the aging mechanism for
solar cells changes in real conditions. By comparing
the results obtained for solar cells placed at different
locations in the wider area of the city of Belgrade and
taking into account the rose of the wind, it can be con-
cluded that solar cells exposed to the Kosava wind
during exploitation, age the fastest and with the most
pronounced change in the aging mechanism.

Table 1 shows the exponent values of the life-
time with the relevant experimental parameters.
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Figure 8. Curves of the solar cell lifetime:

(1) solar cell exposed to the artificial sun, (2) solar cell
that received a dose of gamma radiation of 617 kGy,

(3) solar cell that received a dose of gamma radiation of
1522 kGy
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Figure 9. Curves of the solar cell lifetime: (1) solar cell
exposed to the artificial sun, (2) solar cell exposed to the
artificial sun that received a dose of fast neutrons for 1
day, (3) solar cell exposed to the artificial sun that
received a dose of fast neutrons for 7 days
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Figure 10. Curves of the solar cell lifetime in real
conditions: (1) solar cell at position A, (2) solar cell at
position B

Based on the results shown in tab. 1, it is easily
noticed that gamma and neutron radiation cause a de-
crease in the efficiency and acceleration of the aging
process. It can be quantitatively concluded that the so-
lar cell irradiated with thermal neutrons for 30 days,
for these two parameters, is closest to the solar cell ex-
ploited in real conditions (installed on the facade of the
building). Figures 11-13 show the time dependence of
other relevant parameters of solar cells exposed to the
white light flux of 32 Wm ™2 which previously received
a dose of thermal neutrons for a period of 30 days, and
solar cells from real conditions exposed to maximum
wind power.

Table 1. Exponent values of the lifetime with the relevant
experimental parameters: (a) dose of gamma radiation,
(b) time of exposure to fast neutrons, (c) time of exposure
to thermal neutrons, (d) real conditions

Light flux of| A dose of y :
white li ght radiation Efﬁ[(':)/lcincy Exlli)t%rtliemng of
[Wm ] [kGy] ’
32 0]617 |1522|8.37|4.90/4.10(8.10|7.80/6.15
58 0617|1522/9.35|5.11|4.28|7.80|7.30/6.00
(a)
Light flux of|  Time of :
white li§ht exposure to fast Efﬁ[(l:)/le]ncy Exlli?t%ftliemnz of
[Wm ] neutrons [d] 0
32 0| 30 | 300 [8.37(3.70[2.10/8.10|7.10/5.00
58 0] 30 | 300 [9.35/4.002.70/7.80|6.80|4.80

(b)

Light flux of|Time of exposure
white 1i ght to thermal
[Wm ] neutrons [d]

32 0] 30 | 300 (8.37/3.10/1.60/8.10/6.90/4.30
58 0] 30 | 300 [9.35/2.80|1.00{7.80/5.10/3.60
(©)

Efficiency | Exponent of
[%] lifetime

Real conditions . Exponent of
(experimental) Efficiency [%] lifetime
32 6.9
(d)
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Figure 11. Dependence of internal regular resistance:

(1) solar cell exposed to real conditions, (2) a solar cell
that received a 30- day dose of thermal neutrons
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Figure 12. Dependence of short circuit current on time:
(1) solar cell exposed to real conditions, (2) a solar cell
that received a 30- day

CONCLUSIONS

In the paper, a long-term experiment was carried
out in the laboratory and real conditions in the urban en-
vironment, related to exploitations of monocrystalline
silicon cells of the same type and the same characteris-
tics (in statistical terms).
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Figure 13. Dependence of short circuit current on time:
(1) solar cell exposed to real conditions,
------ a solar cell that received a 30-day dose

of thermal neutrons

The purpose of the study was to find out the con-
ditions under which laboratory tests would make pos-
sible, in a shorter time, obtaining reliable characteris-
tics of the lifetime of solar cells working in real
conditions. The degradation of the solar cell structure
due to phonon-photon interaction and thermal stress
was assumed as the main cause of aging. It has been
shown that gamma radiation and neutron radiation
have the effect of destroying the semiconductor struc-
ture of the solar cell, very similar to meteorological ef-
fects in real urban conditions.

Using experiments with gamma radiation, radia-
tion by fast neutrons and radiation by thermal neu-
trons, it has been found that the most effective reaction
is between p-n compound and thermal neutrons,
which can be explained by Bragg's effect. In the case
of tested monocrystalline silicon cells, it has been
found that the 30-day dose of thermal neutrons (ob-
tained by thermalization of the fast neutrons of the de-
scribed source) gives the same effects of aging as the
meteorological conditions on the territory of the city of
Belgrade. Based on the obtained results in laboratory
tests and testing under real conditions, it can be said
with certainty that the use of solar cells in urban envi-
ronments is not economically justified. Of course, so-
lar cell (photovoltaic conversion of energy) remains
irreplaceable in areas where access to other (conven-
tional) sources of energy is not possible. However, in
such cases, results presented in this paper can serve to
assess the lifetime of applied solar cells (this is espe-
cially true in the case of photovoltaic power supply of
spacecraft due to the intense effect of primary cosmic
radiation).
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Becna 3. TPU®OYHOBUh-APAT'NIINR, Munenko [I. CTAHKOBWh,
Hparan B. BPAJOBUh, Henag M. KAPTAJIOBU'h

INPOLIEHA BEKA TPAJAIbA COJAPHUX REIMNJA Y PEAITHUM YCIOBHUMA
NPUMEHOM YBP3AHOI' CTAPEILA NEJCTBOM HEYTPOHCKOI 1 TAMA 3PAYEIbA

Y pagy cy IOCTYIKOM AYrOTpajHUX HCIATHBAma OWiie MOABPTHYTE MOHOKPHUCTAIHE CHIIU-
mujymcke henwmje. "henuje cy mcnutuBaHe y J0OpO KOHTPOJIUCAHUM JaOOPATOPHUjCKUM YCIOBHMA, U Y
peasHuM yciioBuMa. Y 1abopaTOpPUjCKUM YCIIOBAMa Cy KopuiitheHa 6ella CBETIIOCT BETIIAYKOT CYHIA U
MOHOXpPOMATCKa CBETJIOCT KyTe HaTpujyMoBe Jamre. L{nib pasia je 6uo f1a ce y 1abopaTOpHujcKUM YCIIO-
BAMa MMOCTUTHE MICTU PEXUM CTapema Kao M y peamHuM yciaoBuMa. To 6u omoryhmio fia ce aedununire
1a60paTOPHjCKH aJITOPUTAM CTapEH-a Kao U Y PEaTHUM YCIIOBUMa CTaperha CONapHUX hielinja u caMuM TUM
ofipeayl IHUXOB PaHU BEeK KOMEpIHjaliHe eKcIutoaTanuje y ypoanum cpepmHama. CIOXKEHHM MaTeMa-
THYKAM METOJjaMa, Tj. KOpUITheleM TeopHje BpeMeHa Tpajama, YCTAaHOBIHEHO je fa J1abopaToOpHjCcKO
UCTIUTUBAbC TEPMUIKAM HEYTPOHMMa OBOAY JIO TOra jla cojapHe henwmje y mabopaTopuju crape aHa-
JIOTHUM MEXaHU3MOM KOJUM CTape coyiapHe henuje y peasHuM ycaoBuMa.

Kwyune peuu: coaapna heauja, ciiaperse, zama 3payerbe, 3paierbe Op3um U epmMudKum HeyitlpoHUMa



