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Abstract

As the PV market shows enormous potential with huge growth rates especially in

climatic‐sensible regions, specific artificial ageing test procedures are a key point for

an efficient and fast product development of new PV modules/materials optimized

for the use in specific climatic regions. Based on the definition of four climate profiles

(dry and hot—arid, moderate, humid, and hot—tropical and high irradiation—alpine), a

program was worked out with 14 climate specific test conditions for accelerated age-

ing tests. The big challenge in this respect was the adaption/advancement of existing

standard procedures for PV modules/components testing in a way that reliable testing

for certain climatic conditions optimized PV modules is possible. The time‐dependent

repeated application of combined climatic and environmental stresses (temperature,

temperature cycles, humidity, irradiation, mechanical load, salt mist) was used to

induce performance losses, material degradation, and failures in test modules which

resemble those effects occurring in real‐life PV installations under comparable cli-

matic and environmental conditions. For this demanding task, a large number of iden-

tical test modules with respect to composition and module design was manufactured.

A detailed nondestructive analysis/characterization of all modules was performed: (1)

before; (2) during (six intermediate stages); and (3) after the accelerated ageing test.

The nondestructive characterization methods used to follow the module's ageing

processes throughout the whole accelerated ageing procedure were current‐voltage

characteristics measurements and electroluminiscence images for the electrical

performance evaluation and ultraviolet fluorescence (spectroscopic and imaging) mea-

surements, Fourier transform infrared spectroscopy as well as colour measurements of

the backsheets outer layer for recording of chemical changes of the encapsulant and

backsheet. The electrical andmaterial characterization datawere incorporated in an opti-

mized database. As stated above, a set of three identical modules was exposed together

in the respective climate specific ageing tests and subsequently characterized in order to

increase statistical reliability of the measuring results. The analysis of the data and first

approaches of advanced data treatment have already clearly shown that the electrical

and material degradation of the test modules is dependent on (1) the type and combina-

tion, (2) duration, and (3) mode (sequential versus constant) of the stresses applied. On
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the one hand, the simulation of environmental stresses like heavy snow and wind load

and enhanced frequency of temperature cycling resulting in cell cracks and cell connector

breakage could be demonstrated. Additional treatment in salty atmosphere, on the other

hand, did not show an accelerating effect on degradation on the electrical or material

side. The accelerating effect of enhanced temperature, humidity, or additional irradiation

on the degradation of power andmaterials could be shown very well. Direct evidence for

the formation of acetic acid and lead‐acetate in the encapsulant ethylene vinyl acetate

after prolonged damp‐heat exposure could be found and directly related to cell corrosion

effects paralleled by power losses.

KEYWORDS

climate sensitivity, climate specific accelerated ageing tests, correlation of power and material

degradation, database‐advanced data treatment, nondestructive characterization
1 | INTRODUCTION

The PV market experienced drastic changes in the last decade, marked

by a huge price drop for PV elements and the ongoing competition

amongst different technological solutions and manufacturing loca-

tions. Nevertheless, the market shows enormous potential with high

growth rates, not only but also in climatic regions with extreme envi-

ronmental stress conditions such as high solar irradiation1-4 at high

altitudes or in arid areas.

Apart from initial failure modes which lead to a quick drop of the

performance in the beginning of the working life of PV modules and

are mostly caused by failures in manufacturing, transport, or installa-

tion (“infant‐failures”),5,6 performance losses of the modules due to

continuous ageing and degradation of the materials/components

(“midlife failures”) are defining the long‐term stability and profitability

of PV systems.3,7 Thus, artificial accelerated ageing tests, simulating

this continuous degradation of PV modules under given stress condi-

tions,8-10 are a key procedure for an efficient and fast product

improvement, especially for developing new PV modules/materials

which are optimized for the use in specific climate regions. The big

challenge in this respect is the adaption/advancement of existing stan-

dard procedures for PV modules/components testing like, eg, PV mod-

ule design qualification and type approval (IEC 61215),11 PV module

safety requirements (IEC 61730),12 or salt mist corrosion testing (IEC

61701)13 in a way that reliable testing of PV modules (designed for

certain climate conditions) is possible. This demanding task is

addressed in several research activities, eg, within the PVQAT initia-

tive,14 the SERIIUS cooperation,15 the investigation on PV system fail-

ures within the IEA PVPS Task 13,16 the Australian PV Institute

survey,17 and the Austrian research project INFINITY.18 In addition,

activities are going in the standardization community to develop cli-

mate specific test procedures19 and high operating temperature,20

but up to now no final document is published.

In general, accelerated ageing tests with repeated application of

combined climatic and environmental stresses (temperature, tempera-

ture cycles, humidity, irradiation, mechanical load, salt mist) aim to cause

material degradation effects, performance losses, and failures compara-

ble to those observable in real‐life ageing under similar stresses.8-10
In the work presented, which is part of the Austrian research pro-

ject INFINITY, the objective was to develop optimized, climate specific

accelerated ageing test procedures for PV modules to be installed in dif-

ferent climate zones (arid, tropical, moderate, and alpine). Thus, a matrix

of 14 ageing test procedures with sequential or constant stress applica-

tion was designed. Numerous test modules with identical composition

and design were produced and pre‐characterized. Then, sets of three

modules each were exposed to the various predefined stress tests,

and the electrical performance of the modules as well as physical and

chemical changes of the materials were monitored with nondestructive

characterization methods during increasing ageing time (several inter-

mediate stages). With the aim to provoke degradation processes in the

test modules which resemble best the failure modes observed at natu-

rally aged modules in the respective climate zones, the stress test condi-

tions for the climate specific accelerated ageing tests are optimized.

Assembling these characterization data in a tailored database and

combining it with the stress conditions and ageing times applied form

the basis for advanced data treatment and allow for the development

of a model for the simulation of degradation effects under predefined

environmental and climatic conditions. This can provide the manufac-

turers a tool which allows for climate‐specific testing of materials, indi-

vidual components, and whole module assemblies in tailored,

accelerated ageing test procedures (essential for efficient and fast

product development).
2 | EXPERIMENTAL

2.1 | Test modules

Identical test modules with respect to composition (poly c‐Si cells, eth-

ylene vinyl acetate copolymer (EVA) encapsulation, polyester (PET)‐

based backsheet with flour‐coating on the inner side) and module

design (six cells, glass/backsheet) were used for the extensive acceler-

ated ageing test program. At a time, at least three identical test mod-

ules were exposed to each test procedure to increase the statistic

reliability of the test results. All available information of the test mod-

ules (groups of 3) were collected in a logbook.
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All samples were characterized in detail (1) before and after light

stabilization (40 kWh/m2), (2) during (six intermediate stages), and (3) after

the accelerated ageing procedure. Electrical characterization was done by

power (current‐voltage [I‐V] and electroluminescence [EL] measurements),

the encapsulation was nondestructively analysed by ultraviolet (UV)‐

fluorescence imaging and spectroscopy, and the polymeric backsheet by

colour and Fourier transform infrared (FTIR) spectroscopic measurements.
2.2 | Developed accelerated ageing tests

Based on a definition of four specific climate profiles (humid and hot—

tropical, dry and hot—arid, warm temperate—moderate and cold

temperate/continental—alpine), a program has been worked out with

14 climate profile specific test procedures for accelerated ageing tests

(see Table 1). Several test procedures with either (1) combined stress

application under constant conditions (eg, moderate 1 and tropical 1)

or (2) repeated sequential exposure to specific stresses (eg, moderate

2‐5) were developed. A detailed description of the developed acceler-

ated ageing tests is given in the results and discussion section (chapter

3) of this paper. The temperatures given in the descriptions of the age-

ing actions (Table 1) are all the pre‐set chamber temperatures of the

climate chambers. It has to be taken into account that in the case of

additional irradiation stress (sunlight simulation 300‐2500 nm with
TABLE 1 Developed matrix of INFINITY climate specific accelerated age
DML = dynamic mechanical load, TC = thermal cycles)

Duration Temp. Humidity

Reference 1000 h 1 85°C 85%

Moderate1 1000 h 1 85°C 85%

Moderate2 1000 h = 7 cycles 1 60°C 40%
2 85°C 85%

Moderate3 1000 h = 7 cycles 1 60°C 40%
2

85°C 85%
3 ‐ ‐

Moderate4 1000 h = 7 cycles 1 60°C 40%
2 85°C 85%
3 60°C ‐

Moderate5 3000 h = 7 cycles 1 60°C 40%
2 85°C 85%
3 −40/+85° ‐

Tropical1 3000 h 1 85°C 85%

Tropical2 3000 h 1 90°C 90%

Tropical3 1000 h = 7 cycles 1 80 °C 60%
2 90°C 90%

Arid1 1000 h 1 95°C 50%

Arid2 1000 h = 7 cycles 1 80 °C 40%
2 95°C 50%
3 ‐ ‐

Arid3 1000 h = 7 cycles 1 80 °C 40%
2 95°C 50%
3 60°C ‐

Alpin1 1000 h 1 85°C 85%

Alpin2 1000 h 1 85°C 85%
2 ‐ ‐

Alpin3 1000 h = 3 cycles 1 60°C 40%
2 85°C 85%

‐ ‐
metal halide lamps), the module temperatures were 10°C‐15°C higher

than the chamber temperature.

The chosen allocation was corresponding to the classification by

Köppen Geiger21-23 for the main climate groups.
A

ing t

Irra

‐

100

100
‐

100

‐
‐

100
‐
‐

100
‐
‐

‐

‐

100
‐

120

120
‐
‐

120
‐
‐

120

120
‐

120
‐
‐

tropical/megathermal climates
B
 dry (desert and semi‐arid) climates
C
 temperate/mesothermal climates
D
 continental/microthermal climates
E
 polar climates
The relation of the developed 14 climate specific ageing test pro-

files to the five Köppen‐Geiger main climate groups is given inTable 2.
2.3 | Characterization methods

A detailed analysis/characterization of all modules was performed (1)

before, (2) during (six intermediate stages), and (3) after the acceler-

ated ageing test.
2.3.1 | Electrical measurements

By means of IV‐characteristics measurements, the open circuit voltage

(UOC), short circuit current (Isc), series resistance (RS), shunt/parallel
est procedures (T = temperature, H = humidity, I = irradiation,

diance DML Salt/Sand TC Intervalls

‐ ‐ ‐ Constant

0 W/m2 ‐ ‐ ‐ Constant

0 W/m2 ‐ ‐ ‐ 48 h
‐ ‐ ‐ 96 h

0 W/m2 ‐ ‐ ‐ 48 h

‐ ‐ ‐ 96 h
1000 c ‐ ‐ 24 h

0 W/m2 ‐ ‐ ‐ 48 h
‐ ‐ ‐ 96 h
‐ Salt‐mist ‐ 24 h

0 W/m2 ‐ ‐ ‐ 48 h
‐ ‐ ‐ 96 h
‐ ‐ 50 c 300 h

‐ ‐ ‐ Constant

‐ ‐ ‐ Constant

0 W/m2 ‐ ‐ ‐ 48 h
‐ ‐ ‐ 96 h

0 W/m2 ‐ ‐ ‐ Constant

0 W/m2 ‐ ‐ ‐ 48 h
‐ ‐ ‐ 48 h
1000 c ‐ ‐ 24 h

0 W/m2 ‐ ‐ ‐ 48 h
‐ ‐ ‐ 48 h
‐ Sand abrasion ‐ 48 h

0 W/m2 ‐ ‐ ‐ Constant

0 W/m2 ‐ ‐ ‐ 48 h
1000 c ‐ ‐ 24 h

0 W/m2 ‐ ‐ ‐ 48 h
‐ ‐ ‐ 96 h
‐ ‐ 50 c 300 h



TABLE 2 Relation of Köppen Geiger climate zones to INFINITY climate specific accelerated ageing tests (T = temperature, H = humidity,
I = irradiation, DML = dynamic mechanical load, TC = thermal cycles)

Köppen‐GeigerClimate Classification Scheme

INFINITY

Code of ageing test Applied stresses

A (tropical) Tropical1 T, H
Tropical2 Elevated T, H
Tropical3 Elevated T, H; I

B (arid) Arid1 High T, I
Arid2 + DML
Arid3 + sand abrasion

C (temperate)
Warm moderate

Moderate1 T, H, and I
Moderate2 1) I, 2) T, H
Moderate4 3) Saltmist

D (continental)
Cold moderate

Moderate3 3) DML
Moderate5 3) TC
Alpin1 T, H, high I
Alpin2 + DML

E (polar) Alpin3 1) high I; 2) T, H; 3) TC
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resistance (RP), maximumpower point (PMPP), voltage atMPP (UMPP), cur-

rent at MPP (IMPP), and fill factor (FF) were determined. The IV measure-

ments of all test modules before, at the intermediate stages, and after the

accelerated ageing tests were in accordance with IEC 61215.11,24 The

electrical performance was measured under laboratory standard condi-

tions (25°C; 1000 W/m2 with air mass 1.5 spectral distribution) using a

PASAN HighLIGHT Very Large Module Tester flash cell tester. The High-
LIGHT Very Large Module Tester is designed to flash a surface up to 3

by 3 m. In our case, the six‐cell modules are measured before and after

aging instances, so only the relative measurement uncertainty is relevant.

The excellent accuracy of the flasher systems power measurement

results in a relative uncertainty of less than 0.5%, within 95% confidence.

The IV measurements of the test modules were performed “fresh

out of the box” and after light stabilization (LID) with 40 kWh/m2. As

all modules have an identical bill of material, including the same cell

type (standard, non PERC), it was sufficient to use always the same

light dose for LID stabilization, instead of following the exact Module

QualificationTest (MQT) 19.1—initial stabilization with three consecu-

tive power measurements,11 because stabilization is reached after less

than 10 kWh for this standard crystalline cell type. For the database

and all further data treatments (modelling), the light stabilized values

of the electrical performance were taken as starting values (ageing

instance = 0); all relative values are referenced to these original states

(100% values). The performance values obtained for the fresh out of

the box‐modules were attributed to an ageing instance value of −1

and were typically higher than the PMPP values obtained after LID.25-28

2.3.2 | Electroluminescence measurements (EL)

Electroluminiscence measurements take advantage of the radiative

interband recombination of excited charge carriers in solar cells. For EL

investigations, the module is operated as a light emitting diode meaning

that current is applied in reverse direction. The emitted radiation due to

recombination effects can be detected with a sensitive Si‐CCD‐camera.

The wavelength window of the Si‐CCD camera is 300 to 1100 nm. The

solar cells are supplied with a defined external excitation current (current

applied ≤ Isc of the cell or module) while the camera takes an image of

the emitted photons. Damaged areas of a solar module appear dark or
radiate less than areas without defects. EL has proven to be a useful tool

for investigating electrical inhomogeneities caused by intrinsic defects

(eg, grain boundaries, dislocations, shunts, or other process failures) and

extrinsic defects (eg, cell cracks, corrosion, or interrupted contacts)29-33

To determine the influences of defects (eg, shunts), the EL behav-

iour of the test modules was investigated with different current densi-

ties: 10% and 100% of ISC. When applying a low current density (10%

of ISC of the module), the shunts conduct most of the current. When

applying higher current densities (~ISC) by applying a higher voltage

at the module, the conductivity of the positive‐negative (p‐n)‐junction

increases according to the non‐linear (voltage/current) diode charac-

teristic, compared with the (nearly constant) shunt conductivity, and

shunts were less influential on the EL intensity distribution. Thus, with

low current densities, the material properties can be investigated,

while with high current densities, the properties of the electrical con-

tacts predominately define the results and can be investigated.34

2.3.3 | UV‐fluorescence measurements

Fluorescence is a form of luminescence and stands for the physical

effect of the emission of light by a material that has absorbed light

or other electromagnetic radiation. The emitted light (eg, in the visible

region) has a longer wavelength than the absorbed radiation (eg, UV

light). A fluorophore is thus a fluorescent chemical compound that

can re‐emit light upon light excitation and mostly contains several

combined aromatic groups or other plane or cyclic molecules with sev-

eral π bonds. Typical fluorophores are degradation products of poly-

mers and/or additives with chromophoric/fluorophoric groups. The

fluorescence behaviour of materials can be extinguished by “photo

bleaching” effects which lead to a decrease in fluorescence due to

reaction processes with, for example, oxygen.6,31,35,36

UV‐fluorescence imaging (UVFI)

UV‐fluorescence measurements were performed in dark environment

by illumination of the PV modules with UV light and detection of the

fluorescing light in the visible region by a photographic camera system

(Olympus OM‐D, equipped with long pass filter to cut‐off the UV irra-

diation). Excitation with UV light was performed with a self‐made UV



EDER ET AL. 5
lamp,37 consisting of three power‐tuneable LED‐arrays with an emis-

sion maximum at 365 nm and a short pass filter to cut off all visible

light emitted. Power supply is a modified DC/DC converter with a

controllable and piecewise constant voltage/constant current charac-

teristic, providing a maximum DC power of 300 W, sourced by a 12

cell lithium‐polymer accumulator with a capacity of 5000 mAh.38,39

This characterization method is nondestructive, non‐invasive, easy to

handle, and fast (an exposure time of 30 seconds is sufficient to

achieve a well‐contrasted UV‐fluorescence image of a module) 6, 39 40.

UV‐fluorescence spectroscopy (UVFSp)

The setup for the UV‐F spectroscopic measurements comprises a UV‐

light source (LED 380 or 365 nm) for excitation, which is mounted on

a probe holder and directs a UV‐light beam (diameter 3 mm) through

the front glass of the PV module into the encapsulant. The detection

of the fluorescent light occurs via an optical fibre (probe for

reflexion/fluorescence measurement; ocean optics QR600‐7‐SR 125

BX) which is also installed in the probe holder device and channels

the light into a UV/VIS spectrometer type Ocean Optics MAYA

2000 Pro (200‐1100 nm).40
2.3.4 | Colour measurements

In order to determine the ageing induced colour changes of the

backsheets, additional CIELAB colour difference measurements on

the backsheets environmental surface were performed. A portable

spectral photometer (type Datacolor CHECK II PLUS) was used; the

measurements were performed according to standard EN ISO

11664‐4 making use of the CIE L*a*b colour scale.41 For the assess-

ment, the delta values (ΔE, ΔL, Δa, and Δb) between the original and

aged samples were used. The total colour difference is usually

expressed by ΔE which includes lightness(+)/darkness(−) (ΔL), red-

ness(+)/greenness(−) (Δa), and yellowness(+)/blueness(−) (Δb).42 Col-

our changes (ΔE) between 0 and 1 are negligible as not detectable

for the human eye.
2.3.5 | FTIR spectroscopy

Potential material degradation of the polymeric backsheet at the envi-

ronmental side was analysed by attenuated total reflection (ATR) FTIR

spectroscopy. The interaction (absorption) of electromagnetic radia-

tion in the mid IR region (2.5‐25 μm wavelength) with matter results
FIGURE 1 Database structure (simplified
representation) [Colour figure can be viewed
at wileyonlinelibrary.com]
in the excitation of molecular vibrations. An infrared spectrum shows

the wavelengths where specific absorption takes place and gives thus

information on the structure of molecules (qualitative analysis). ATR is

a special sampling technique43 which uses a property of total internal

reflection resulting in an evanescent wave. A beam of infrared light is

passed through the ATR crystal in such a way that it reflects at least

once off the internal surface in contact with the sample. This reflec-

tion forms the evanescent wave which propagates into the sample.

This method is surface sensitive, as the penetration depth into the

sample is typically between 0.5 and 2 μm.43 For the measurements,

a portable ATR‐FTIR spectrometer system (A2 Technologies;

EXOSCAN) is utilized. The system uses a diamond ATR crystal in single

reflexion mode with a diameter of 2 mm. The depth of penetration for

infrared energy at 1700 cm−1 with this setup is ~2 μm.42 The measure-

ment parameters were set as follows: 40 scans were taken for back-

ground and for the sample with a resolution of 4 cm−1. Three

measurements points were taken for each sample.
2.4 | Database

All measurement results are organized in an optimized database, which

forms the information base for setting up models for climate sensitive

ageing and degradation processes/mechanisms. The database is struc-

tured around the modules (module = device under test), see general

scheme given in Figure 1. Modules are logically connected via their

specific ageing module groups with strictly associated ageing actions

and instances. As stated above, a set of three identical modules is

stored together in each specific ageing action (= accelerated ageing

test as described in detail in Table 1) in order to increase the statistical

reliability. Those triples are logically grouped in the database with the

corresponding acquired measurement results being canonicalized and

stored in the database as well. For future applications (modelling), all

measurement information is kept as complete as possible; aggregation

is avoided.

In a first step, the information outcome (results) of the various

measurement methods and the corresponding measurement parame-

ters of the used equipment had to be collected and harmonized. This

process was recorded and documented in a collaboration platform

(Mahara,44 an ePortfolio‐management platform). Naming conventions

for each class of information, modules (device under test), ageing pro-

cedures, and measuring methods were agreed upon within the consor-

tium. Exemplarily, the outcome of this harmonization process for the

http://wileyonlinelibrary.com
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IV‐curve measurements is given in Figure 2, showing the nature of the

(1) (raw) measured data, (2) computed to—information, (3) aggregated

to—information and (iv) recorded data, which is finally stored first on

the server and then built into the data base. A strict but explicit folder

structure for collecting all measuring results was established at the

server.

In the second step, all data of (1) the logbooks of the PV‐test

modules, (2) the ageing test procedures (ageing actions), and the (3)

the characterization results were stored into a clearly defined folder

structure on a server taking into account the file name conventions,

data formats, and resolutions described in the Mahara platform.

In the third step, the database was generated from all stored data

files. To build the database, SQLite45 was used in conjunction with

peewee (an object‐relational mapper46). The database model classes,

which are used by peewee to create and interact with the database,
FIGURE 2 Filename convention, parameter, and description of the measu
[Colour figure can be viewed at wileyonlinelibrary.com]
are provided to be used for the modelling phase. After configuring

the path for the input measurement files and one for deploying the

generated data base files, the program sets up the database automat-

ically. Specific parsing scripts were developed for each type of mea-

surement output files, thus, allowing for automated data base

compilation without any error prone manipulation of the output files.

For the build of the database, first all the file names were parsed

from the given input directory and checked against filename conven-

tion and folder structure. Then, the module‐logbooks, which hold the

overall life‐cycle information of the tested module groups, were

parsed, stored into data base, and logically linked to the respective

test‐modules. Then, “measurement_instances” were created for every

ageing cycle applied to a distinct module, representing the whole set

of measurement methods applied after the entire ageing cycle. Mea-

surement information of each method applied was entered into
red data for IV‐curve measurement as specified in the Mahara platform

http://wileyonlinelibrary.com
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specific tables; those entries refer to this specific

“measurement_instance.” This allows for simple, selective, and fast

data base queries and avoids a full data base read. One resulting dia-

gram of such a typical query (results of colour measurements of the

backsheets of three test modules stored under moderate5 conditions)

is shown in Figure 3.

The fully automated rebuild mechanism of the data base and per-

sistent storage of all raw measurement information from all measure-

ment devices and measurement instances allow for future adaptation

of the data base and analysis algorithms. The script used for auto-

mated data base build is flexibly configurable to reflect changes in

directories and committed value ranges.
FIGURE 3 Colour change (ΔE) of three test modules which
experienced ageing action moderate5; each measuring instance
corresponds to 1 cycle as described in detail in Table 4 [Colour figure
can be viewed at wileyonlinelibrary.com]

FIGURE 4 Relative change in FF (top), ISC (middle), and PMPP (bottom)
different accelerated ageing test procedures [Colour figure can be viewed
2.5 | Advanced data treatment

In order to identify which of the performed characterization methods

describes best the impact of the applied accelerated ageing proce-

dures, the changes over time were visualized. As mentioned above, a

set of at least three identical modules was exposed to identical accel-

erated ageing procedures (repeatedly exposed to predefined stress

conditions—as described in detail in Table 1). All modules under test

were light‐stabilized and pre‐characterized before starting the acceler-

ated ageing tests. These characterization results, obtained after this

initial stabilization procedure, are considered as reference (starting

point) for each individual module separately. This also marked the zero

point on the ageing time scale. An ageing time scale was further

defined by the time, the modules had been stored in the climate cham-

bers, and thus, the ageing time (cumulated hours of storage time in the

climate chamber) was calculated as multiples (cycle number, ageing

instance) of storage time/cycle. It has to be noted that in this type

of representation the accumulated hours of ageing correspond to age-

ing under different stress conditions as indicated for the different age-

ing actions (details are depicted in Table 1).

Under this assumption, the performance parameters for each

module were plotted against the time of ageing. The FF and conse-

quently the power at maximum power point (PMPP) showed the most

noticeable relative changes as shown exemplarily for the ageing

actions moderate1‐5 and tropical1 and 2 in Figure 4.
3 | RESULTS AND DISCUSSION

In the following, the results of the nondestructive characterization

methods including electrical performance (I‐V curves, EL images) and
for individual modules over ageing time, applying different colors for
at wileyonlinelibrary.com]
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chemical and physical changes (FTIR and UV‐fluorescence spectro-

scopic and imaging measurements as well as colour measurements)

will be presented and discussed. They were applied in order to follow

the module's ageing processes throughout the whole accelerated age-

ing procedure (original state, 6/3 intermediate stages, final state).

In specific cases, additional destructive material analysis (eg, spec-

troscopic and thermal analysis methods) were applied at the end of

the accelerated ageing procedure in order to characterize in depth

the degradation behaviour of the encapsulant after exposure to the

corresponding stress conditions.

At the time the manuscript was prepared, ~2/3 of the accelerated

ageing test procedures described in chapter 2.2 (and summarized in

Table 1) were already finished, and all corresponding electrical and

chemical characterization data incorporated in the database. In the fol-

lowing, the results of these ageing actions—namely reference, moder-

ate1,2,3,4 and 5 as well as of ageing actions tropical1 and 2 will be

presented and discussed.
FIGURE 5 UV‐fluorescence spectra of one test module (056) before,
during, and after ageing action moderate1 (DH at 85°C/85% r.H. and

irradiation at 1000 W/m2); each measuring instance corresponds to
250‐h exposure (plot resulting from database query) [Colour figure can
be viewed at wileyonlinelibrary.com]
3.1 | Ageing actions: MODERATE

As sort of reference accelerated ageing action, the 1000‐h damp heat

(DH; 85% relative humidity at 85°C constant for 1000 h) test accord-

ing to standard IEC 61215, MQT 1311 was chosen as it is the most fre-

quently used test throughout the PV community.

As all PV modules experience apart from elevated temperature

and humidity also irradiation stress, ageing action moderate1 was

designed as an enhanced DH test with additional irradiation of

1000 W/m2 (simulated sunlight, 300‐2500 nm). Thus, direct compari-

son of the modules which experienced the reference test procedure

and the moderate1 ageing action directly yield the influence of the

additional irradiation stress (also resulting in a higher module temper-

ature of +25°C). Table 3 summarizes the main results obtained with

the nondestructive characterization methods. It can be clearly seen

(Table 3, Figure 4) that compared with the light stabilized state, the

performance of the test modules increased. This effect is especially

strong for modules that experienced DH‐storage47-49 and attributed

to increased transmittance of the encapsulation. After 1000‐h ageing,

hardly any changes were observed under reference and moderate1

conditions in the EL images and the colour of the backsheets (ΔΕ

below 1, not detectable for the human eye).

The FTIR spectra of the outer surface of the backsheet of the

modules exposed to ageing action moderate1 indicate that the addi-

tional irradiation initiated a beginning photo‐degradation of the

backsheets PET surface (changes in the relative intensities and shift

in the absorption maxima of the bands typical for the ester group at

1714, 1244, 1119, and 1098 cm−1).42,50-52
TABLE 3 Comparison of the main characterization results obtained for th
moderate1/DH at 85°C/85% r.H. and irradiation 1000 W/m2; values are a

ΔPMPP EL/Si‐Cells Δ Colour/Backsheet

Reference +1.94% No changes +0.30

Moderate1 +0.23% No changes +0.25

The PMPP value after LID was taken as reference/starting point (=0).
The most obvious difference induced by the enhanced stress

conditions of moderate1 was observed in the UV fluorescence (see

Figures 5 and 6). The presence of irradiation combined with the there-

fore induced higher module temperature gave significant rise to the

formation of strong fluorescence in the encapsulant.6,36,39,53 Further-

more, the formed fluorescence pattern is different for irradiated PV

modules (UV‐F observable in the whole front encapsulant) and DH‐

treated modules (weaker fluorescing effects in the areas between

the cells). These effects are described in detail in Eder et al, Röder,

and Hirschl et al.39,54,55

In contrast, the ageing actions moderate 2‐5 (seeTable 4) exhibit a

repeated sequential application of various stresses. All these ageing

actions start with an irradiation for 48 hours, followed by a DH phase

for 96 hours. While moderate2 only comprises a repeated application

of these two stress conditions; in moderate3, additional wind load is

simulated by applying dynamic mechanical load cycles (1000 Pa,

1000 cycles). Moderate4 simulates additional salt stress (salt mist,

5% NaCl solutions), which PV modules might experience next to

motorways in, eg, middle and northern Europe or northern America

in wintertime or PV installation in coastal areas are exposed to. In age-

ing action moderate5, the test modules are additionally exposed to

frequent temperature changes (50 temperature cycles, according

to11 MQT 11). Thermomechanical temperature cycle stress occurs

(1) in areas with a big difference in day and night module temperature,

eg, in arid regions under clear sky conditions and radiative cooling dur-

ing the night, and (2) regions with frequent clouds and rapid changes

between cloud enhancement and shaded low irradiance conditions.47
e test modules after 1000 h (i) reference/DH at 85°C/85% r.H. and (ii)
veraged values obtained for three test modules

FTIR/Backsheet UV‐FSp/Encapsulation

No changes 7.5@450 nm

Beginning surface degradation of PET 19.1@450 nm

http://wileyonlinelibrary.com


FIGURE 6 UV‐fluorescence images of test modules (A) in the original state, (B) after 1000‐h reference ageing (DH at 85°C/85% r.H.), and (C)
1000‐h moderate1 (DH at 85°/85% r.H. and irradiation at 1000 W/m2) [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 4 Detailed description of the ageing actions moderate 2‐5

Duration T, °C H, % I, W/m2 Extra Intervals Additonal Stress

Moderate2 1000 h = 7 cycles 1 60 40 1000 ‐ 48 h
2 85 85 ‐ ‐ 96 h

Moderate3 1000 h = 7 cycles 1 60 40 1000 ‐ 48 h Wind load
2 85 85 ‐ ‐ 96 h
3 ‐ ‐ ‐ DML 1000c 24 h

Moderate4 1000 h = 7 cycles 1 60 40 1000 ‐ 48 h Salt stress
2 85 85 ‐ ‐ 96 h
3 60 ‐ ‐ Salt mist 24 h

Moderate5 3000 h = 7 cycles 1 60 40 1000 ‐ 48 h Frequent temperature changes
2 85 85 ‐ ‐ 96 h
3 −40/+85 ‐ ‐ TC 50c 300 h
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The changes in the electrical performance of the test modules,

exposed to ageing actions moderate1‐5 with increasing ageing time,

are depicted in Figures 7 and 8. While exposure to irradiation and

DH stress in constant (moderate1) or sequential order (moderate2)

showed no remarkable change in the electrical performance after

1000 hours (seven cycles), additional DML (moderate3) and TC (mod-

erate5) caused a decrease of 3.5% to 4% in PMPP for individual test

modules. Figure 9 shows EL images of a test module (012) of moder-

ate5, which were recorded in parallel to the electrical performance

measurements and clearly show a discrete event between cycle 3

and 4, indicating a connection problem for the black region at cell 6.

This is in good agreement with the drop in PMPP of this test module

(012), depicted together with other I‐V curve parameters in

Figure 10. The drop in PMPP goes along with a sudden rise in series

resistance RS, causing a drop of the FF, too. The DML treatment (mod-

erate3, test module 006) induced cell cracks and microcracks which

are paralleled with a decrease in the PMPP.

It has to be noted that additional salt mist application (moderate4)

had hardly any influence on the electrical or chemical degradation of

the test modules (compared with moderate2).56 This is not unex-

pected for polymeric materials, but multi material composites such

as PV‐modules containing several metallic interconnections might be

prone to salt corrosion, in the case that insulations get cracked or

delaminated. Furthermore, when the whole PV‐system (including
electrical wiring and mounting devices) is considered,57 especially the

metallic parts are sensitive to salt‐corrosion effects.

The colour measurements gave only minor changes (Δ E between

0 and 1) for all modules exposed to moderate2,3,4, and 5. The FTIR

measurements of the backsheets on the backside of the modules

revealed (Figure 11) small but detectable changes in the maxima and

broadness of the bands typical for the ester groups (1714, 1244,

1119, and 1098 cm−1) indicating an onset of degradation reac-

tions42,50,51 and a change in the crystallinity of the PET.58
3.2 | Ageing actions: TROPICAL

Experience has shown that most PV materials and module types

being presently in the market are tested with DH‐test procedures,

which are in accordance to standard IEC 61215 “Terrestrial photovol-

taic (PV) modules—Design qualification and type approval”,11 but for

much longer times than required8,48,49 with the extended goal to

make sure that the products are suitable also for tropical regions.

Thus, when designing the accelerated ageing test procedures for

the tropical climate, first prolonged ageing times at standard DH con-

ditions (85°C/85% r.H.) were suggested (= tropical1). In the next

step, temperature and humidity level were increased to 90°C/90%

r.H. (= tropical2). In a third step (see Tables 1 and 2), the phases of

http://wileyonlinelibrary.com


FIGURE 7 Electrical performance (given as PMPP) of sets of three test modules each exposed to ageing actions moderate2‐5 (resulting plots from
database query). Measuring instance = 1 cycle as described in detail in Table 4 [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 8 Electrical performance (given as absolute change in PMPP)
of sets of three test modules each exposed to either ageing action
moderate1,2,3,4, or 5 with calculated cumulated ageing time [Colour
figure can be viewed at wileyonlinelibrary.com]
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constant DH‐stress at increased temperature and humidity will be

complemented with irradiation phases (= tropical3); the experiments

for this ageing test, however, are still running.

In Figures 12 and 13, the development of the performance as a

function of increasing storage time is shown for tropical1 and
tropical2 in comparison to moderate1 (DH + irradiation). Especially,

when plotting the change in power output against the cumulated

time of ageing (Figure 13), it can be seen that the test modules

showed stable performance under DH (85°C/85% r.H., tropical1) up

to 1500 h. Then, with increasing exposure time, continuous power

degradation is detected. When increasing chamber temperature and

humidity (90°C/90% r.H., tropical2), the degradation starts already

after 500 h of exposure. Also, the addition of irradiance to the DH

conditions (moderate1) results in an onset of degradation at an ear-

lier stage (after 250 h). Further characterization of these modules

clearly shows that the loss of performance goes in line with cell cor-

rosion processes, which are visible in the EL images recorded at

100% ISC as dark areas of the cell, located along the connecting rib-

bons (Figure 14). The grade of propagation of dark cell areas at trop-

ical2 (right column) corresponds to the progress at tropical1, but at

half the time of exposure.

Additionally performed destructive material analysis by

thermodesorption/gas chromatography and FTIR of the encapsulant

EVA revealed the presence of acetic acid and acetates above these

dark areas of the effected modules. Pb (IV)‐acetate was detected in

the interface of EVA to the soldered ribbons (Figure 15), and Na‐

acetate in the interface of EVA to the glass.

Furthermore, the FTIR spectra of the outer backsheet surface

showed beginning degradation/hydrolysis of the PET after DH expo-

sure, particularly after the enhanced conditions of tropical2. This is

visualized by spectral changes occurring: (1) appearance of bands char-

acteristic for vibrations of OH‐groups (3465 cm−1); (2) in the aliphatic

http://wileyonlinelibrary.com
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FIGURE 9 EL‐images (8.2A = 100%Isc) of one test module (012) before, during, and after ageing action moderate5 (procedure for each test
cycle: (A) irradiation at 1000 W/m2, 60°C; (B) damp heat at 85°C/85% r.H.; (C) 50 temperature cycles −40 → +85°C)

FIGURE 10 Values of PMPP, ISC, FF, VOC, and series and parallel resistance RS, RP, derived from the I‐V curve measurement at STC for the
three modules 012, 021, and 030, before, during, and after ageing actions moderate5, tropical1, and 2, respectively. For ageing details, see
Table 1 [Colour figure can be viewed at wileyonlinelibrary.com]
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CH‐absorption bands (3000‐2800 cm−1 and 1470‐1300 cm−1); (3)

broadening of the bands characteristic of the ester group (1715,

1240, and 1119‐1098 cm−1) as well as (3) spectral alterations of the

bands typical for amorphous/crystalline PET regions.50-52 Beginning

material degradation is also measurable by the colour measurements

(see Figure 16) which show elevated colour change values ΔE for

the test modules exposed in ageing action tropical2. It has to be

emphasized, however, that the outer layer of the PET backsheet com-

prises hydrolysis stabilized PET‐grade and, thus, does not show strong
degradation effects.59 The core layer is more susceptible to hydrolytic

degradation resulting in embrittlement and formation of cracks9,42,52

with increasing DH exposure, especially at the conditions of tropical2

(90°C/90% r.H.).

The influence of the temperature and humidity stresses on the

encapsulation material could be visualized nondestructively via UV‐

fluorescence measurements. The UV‐F images of the test modules

exposed to ageing action tropical1 and tropical2 show fluorescence

patterns quite different from those PV‐modules which experienced

http://wileyonlinelibrary.com


FIGURE 11 FTIR spectra of one test module (001) before, during,
and after ageing action moderate2 (sequential exposure to
irradiation at 1000 W/m2 and DH at 85°C/85% r.H.); each measuring
instance corresponds to 1 cycle as described in detail in Table 4 (plot
resulting from database query) [Colour figure can be viewed at
wileyonlinelibrary.com] FIGURE 13 Electrical performance (given as absolute change in

PMPP) of sets of three test modules, each exposed to either ageing
action moderate1, tropical1, or tropical2 with calculated cumulated
ageing time [Colour figure can be viewed at wileyonlinelibrary.com]
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outdoor exposure or irradiation with artificial sunlight in accelerated

ageing tests.6,39,53-55 In real‐life ageing, fluorescence is mainly trigged

by elevated temperature and irradiation. Fluorescence building up in

the polymer of the encapsulant upon DH storage is provoked by water

vapour permeating via the polymeric backsheet into the encapsulant

of the PV module. The evolution of the UV‐fluorescence effects with

increasing ageing time for tropical1 in shown in Figure 17.
FIGURE 12 Electrical performance (given as PMPP) of sets of three test
tropical2 (resulting plots from database query). Measuring instance = 250
viewed at wileyonlinelibrary.com]
4 | SUMMARY AND OUTLOOK

As the PV market shows enormous potential with huge growth rates,

not only but mainly in climatic‐sensible regions, specific artificial age-

ing test procedures are a key point for an efficient and fast product
modules, each exposed to ageing actions moderate1, tropical1, and
h for moderate1 and 500 h for the others [Colour figure can be

http://wileyonlinelibrary.com
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FIGURE 14 EL images (100%ISC) left: of test
module 021 (tropical1) after 1000, 2000, and
3000‐h exposure; right: of test module 030
(tropical2) after 500, 1000, and 1500‐h
exposure. For detailed I‐V curve parameters,
see Figure 10 for comparison [Colour figure
can be viewed at wileyonlinelibrary.com]

FIGURE 15 FTIR spectra of the EVA in the
interface to the connector ribbons in the dark
areas of the EL images of module 021 after
3000‐h tropical1; black: spectrum of EVA
intact, red: of EVA above the soldered
ribbons, absorption bands typically for Pb (IV)‐
acetate are marked in red [Colour figure can
be viewed at wileyonlinelibrary.com]

FIGURE 16 Colour change (ΔE) of three test modules which experienced left: ageing action tropical1, right: ageing action: tropical2; measuring
instance = 500‐h exposure as described in detail in Table 4 [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 17 UV‐fluorescence images of test modules (A) in the original state, (B) after 1000 h, (C) 2000 h, and (D) 3000 h of exposure to DH at
85°C/85% r.H. = ageing action tropical1 [Colour figure can be viewed at wileyonlinelibrary.com]
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development of new PV modules/materials optimized for the use in

specific climatic regions. Based on the definition of four climate pro-

files (dry and hot—arid, moderate, humid, and hot—tropical and high

irradiation—alpine), a program was worked out with 14 climate specific

test conditions for accelerated aging tests. The big challenge in this

respect was the adaption/advancement of existing standard proce-

dures for PV modules/components testing in a way that reliable test-

ing for certain climatic conditions optimized PV modules is possible.

The time‐dependent repeated application of combined climatic and

environmental stresses (temperature, temperature cycles, humidity,

irradiation, mechanical load, salt mist) was used to induce performance

losses, material degradation, and failures in test modules which resem-

ble those effects occurring in real‐life PV installations under compara-

ble climatic and environmental conditions. For this demanding task, a

large number of identical test modules with respect to composition

(poly c‐Si cells, EVA‐encapsulation, PET‐based backsheet) and module

design (six cells, glass/backsheet) was manufactured. At a time, three

test modules were exposed to each test procedure to get statistically

more reliable results. A detailed nondestructive

analysis/characterization of all modules was performed: (1) before;

(2) during (six intermediate stages); and (3) after the accelerated ageing

test. The nondestructive characterization methods used to follow the

module's ageing processes throughout the whole accelerated ageing

procedure were I‐V characteristics measurements and EL images for

the electrical performance evaluation and UV‐fluorescence (spectro-

scopic and imaging) measurements, FTIR as well as colour measure-

ments of the backsheets outer layer for recording of chemical

changes of the encapsulant and backsheet.

At the time the manuscript was prepared, half of the accelerated

ageing tests of the elaborated program (ageing actions reference,

moderate1,2,3,4 and 5 as well as tropical1 and 2) were already fin-

ished, and all corresponding electrical and material characterization

data incorporated in an optimized database. The database is struc-

tured around the test modules table with the PV modules logically

connected via their specific ageing groups with strictly associated age-

ing procedures. As stated above, a set of three identical modules was

exposed together in the respective climate specific ageing tests and

subsequently characterized in order to increase statistical reliability

of the measuring results. Those triples were logically grouped in the
database as well. As this elaborate acquisition of data is aimed to be

used for advanced data treatment and modelling applications in the

near future, measurement information was kept as complete as possi-

ble, and aggregation was avoided.

The analysis of the data (queries from the database) and first

approaches of advanced data treatment have already clearly shown

that the electrical and material degradation of the test modules is

dependent on (1) the type and combination, (2) duration, and (3) mode

(sequential versus constant) of the stresses applied. On one hand, the

simulation of environmental stresses like heavy snow and wind load

and enhanced frequency of temperature cycling resulting in cell cracks

and cell connector breakage could be demonstrated. Additional treat-

ment in salty atmosphere, on the other hand, did not show an acceler-

ating effect on degradation on the electrical or material (polymers,

glass) side. The accelerating effect of enhanced temperature, humidity,

or additional irradiation on the degradation of power and materials

could be shown very well. Direct evidence for the formation of acetic

acid and lead‐acetate in the encapsulant EVA after prolonged damp‐

heat exposure could be found and directly related to cell corrosion

effects paralleled by power losses.
4.1 | OUTLOOK

• finalize the climate specific accelerated ageing tests and data

accumulation in the data base and use assembled results and

information as a basis for a model allowing for simulation of deg-

radation effects under predefined environmental and climatic

conditions

• provide the manufacturers a tool which allows for climate‐specific

testing of materials, individual components, and whole module

assemblies in tailored, accelerated ageing test procedures (essen-

tial for efficient and fast product development)

• continue and enhance the destructive material analysis (eg,

mechanical, physical, and thermal analysis) at the end of the accel-

erated ageing tests in order (1) to characterize the ageing and deg-

radation behaviour of the PV materials after exposure to the

different stress conditions and (2) derive the prevailing degrada-

tion modes for the different climate profiles.

http://wileyonlinelibrary.com
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• optimize the climate specific artificial test procedures in respect to

the highest possible accordance of the therein induced failures

with the failures occurring in real‐life aged PV‐modules.
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