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Abstract

Photovoltaics technology actually makes the most sense in tropical regions where the sunlight intensity is maximum.
Yet traditional PV systems are mostly designed for the northern hemisphere markets, as these are the biggest
markets of solar PV systems currently. These PV systems are designed to withstand gusty winds, heavy snows and
severe hail impacts. This is thus largely an over design for use in tropical regions. At the same time, this design is
also not necessarily the most optimum for tropical regions with many islands, like Indonesia. Exposure to high-angle
sunlight onto the PV systems could lead to lower photon capture to the solar cells, while interactions of these
traditionally designed PV systems with extreme acid rains and heavy concentration of salt and minerals from seas
could lead to premature degradation of the polymer materials inside the PV system. This could in turn instigate
corrosion in the metallic interconnects which might then cause electrical shorts and charging/burning and possibly
even big fires. Some of our preliminary results on material research that are the pre-requisites of novel and
innovative PV system design for these unique regions will be presented.
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1. Introduction
A solar PV module typically is a sandwich of a glass, a front encapsulant layer, a stringed cell assembly, a back
encapsulant layer and finally a backsheet. This sandwich is laminated together into one unit and then framed by
aluminum frame.
Backsheet as the most outer layer of a module on the back side (ie. on the non-sun facing side) has direct contact
to the environment and provides long-term protection to the solar module. The key functions of backsheet are:
protecting module from puncture and abrasion, minimizing moisture vapor ingress, and isolating the cells and any
electrical connection from the environment. Consequently, backsheet must have excellent weather and mechanical
durability. The most common design for backsheet materials would be what is known in the industry as TPE, a
sandwich of three kinds of polymers – Tedlar (which is the commercial name of a Poly Vinyl Fluoride), the PET
(which is Poly Ethylene Terepthalate) and EVA (which is Ethylene Vinyl Acetate).
There are many evidences of PV module corrosion installed in tropical regions and sea close areas, where the
environments are very humid and may contain heavy concentration of salt and mineral [1-6]. High humidity could
lead to delamination of module encapsulants whereas high salinity could corrode the metal interconnection within
the solar module components leading to potential big fire. All in all, these phenomena can accelerate faster
degradation of the solar module within only few years of operations.
Since backsheet is the most outer layer of a module and has very important roles in protecting solar module, the
authors would like to investigate the backsheet materials integrity (such as tensile strength) dependency on the
combined salinity - humidity parameter. This area of investigation has not been much studied in the literatures while
the effect of sole humidity on backsheet integrity has been more widely reported [7-11].

2. Experiment Method
We use two types of commercial backsheets, A and B (for company confidential reasons with our partner who
supplied the materials for the present study, we could not specify the actual commercial names of the materials).
Backsheet A is a typical/traditional backsheet material, whereas Backsheet B is a relatively new backsheet material.
For tensile strength measurement purpose, these backsheets are cut into small stripes (Figure 1 (a)).
Stripes were exposed to damp heat and salt damp heat chambers at 85° C and 100° C. At the 85° C temperature,
samples were also exposed to relative humidity (RH) of 85% and 100% (Figure 1 (b)), while at the 100° C
temperature, samples were only exposed to relative humidity (RH) of 100% . Samples of each backsheets (5 stripes
each) were removed from the ovens periodically and their tensile strength was measured. Here we take the yield
strength/stress point from each of the stress-strain curve to represent tensile strength as the yield stress point can
typically be more unambiguously determined compared to the ultimate tensile strength.
Activation energy (The minimum energy which a pair of colliding molecules must posses in order for reaction to
take place) between water molecule and polymer chain is taken here as a measure of backsheet material integrity. It
is calculated using Eq. [1] as suggested my McMahon et al. [12] based on the tensile testing strength measurements
of the backsheet specimens as described above. Detail of activation energy (Ea) calculation is described in Sec. 3.4
following Ref. [12].
Much of the experimental work and expertise, we gained through close collaboration with Prof. Arief S.
Budiman’s lab/group at the Singapore University of Technology and Design (SUTD) especially in the areas of solar
PV materials degradation, fracture mechanics and testing. This lab/group has been acknowledged recently and
widely accepted as one of the centers for expertise in solar PV materials research especially in the area of silicon PV
cell fracture mechanics and advanced silicon-based systems mechanics and reliability [13-20].
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Fig. 1. (a) Backsheet stripes; (b) Backsheet stripes in test chamber

3. Results
The results of the tensile strength measurements as a function of time (hours) are presented in Figures 2 through
4. The uncertainty of the failure time measurements is determined to be approximately +/- 20 hours. The most
important source of this uncertainty is the natural variation within the failure times of each of the 5 stripes to
represent each backsheet and condition.
Figures 2 through 4 show an abrupt change at the slope of each curve, which is defined as failure point. At this
failure point, sudden embrittlement occurred in the material, where the slope of the degradation changes into
something that is more rapid degradation. The higher the temperature and the relative humidity are, the sooner the
material failed.

3.1. Experiment condition: 85° C, 85% RH
Table 1. Failure Time
Backsheet Type

Failure Time
(hours) (Sudden
Embrittlement
Occurred)

A (regular damp heat chamber)

2058

B (regular damp heat chamber)

2351

C (Backsheet A in salt damp heat chamber)

2408

9
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Fig. 2. Tensile strength as a function of time (hours)

The failure time for Backsheet D (which is Backsheet B tested in salt damp heat chamber) is missing here, as
well as in the condition 85° C, 100% RH (Section 3.2 below) , as at the time of the manuscript submission/reporting,
both conditions have not resulted in observable failure points. These conditions are less stringent compared to the
third condition, which is 100° C, 100% RH (Section 3.3), which already resulted in an observable failure point for
Backsheet D (the yellow curve in Fig. 4). However, since all three conditions (85° C/85% RH, 85° C/100% RH,
and 100° C/100% RH) are needed to solve the analytical solution for activation energy Ea in Eq. [1], the Ea for the
Backsheet D will not be determined in this present manuscript.

3.2. Experiment condition: 85° C, 100% RH
Table 2. Failure Time
Backsheet Type

Failure Time
(hours) (Sudden
Embrittlement
Occurred)

A (regular damp heat chamber)

1684

B (regular damp heat chamber)

2175

C (Backsheet A in salt damp heat chamber)

2168
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Fig. 3. Tensile strength as a function of time (hours)

3.3. Experiment condition: 100° C, 100% RH
Table 3. Failure Time
Backsheet Type

Failure Time
(hours) (Sudden
Embrittlement
Occurred)

A (regular damp heat chamber)

357

B (regular damp heat chamber)

446

C (Backsheet A in salt damp heat chamber)

418

D (Backsheet B in salt damp heat chamber)

564

12
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Fig. 4. Tensile strength as a function of time (hours)

At 100° C and 100% RH, the failure time between backsheets A and B, which were tested in damp heat chamber
and backsheets C (A) and D (B), which were tested in salt damp heat chamber, are almost the same within the
experimental error.

3.4. Activation Energy
The activation energy, which is the minimum energy required by water molecule and polymer chain reaction to
take place, was calculated from the experimental data following equation [1] from Ref. [12]:

k1

§ E ·
C ( H )n exp ¨ a ¸
© RT ¹

(1),

where k1 is the hydrolysis rate (day), C is a constant (empirically determined), H is the relative humidity (100% RH
= 1), n is a relative humidity exponent (empirically determined), Ea is the activation energy (kcal/mole), T is the
absolute temperature (° C), and R is the gas constant (Its value is nearly 2.0 calories per ° C, per mole).
The hydrolysis rate, k1, was obtained from the failure time (see Table 1-3) multiplied by a constant (0.0031). The
detail of k1 and Ea calculations can be found in Ref. [12].
Given four variables for each experiment condition (k1, H, R, T), we can determine Ea, n and C for each experiment
condition.
Table 1 shows the calculated Ea here for each backsheet. The activation energy is nearly the same for all backsheet
within the experimental error. This means that the amount of energy required by salt water molecules to react with
polymer chain is similar to that of water molecule and polymer chain reaction.
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Table 4. Calculated activation energy
Backsheet Type

Ea (kcal/mole)

A (regular damp heat chamber)

28.67

B (regular damp heat chamber)

28.53

C (Backsheet A in salt damp heat chamber)

28.79

The dependence on humidity (the exponent n), which represents how sensitive the materials properties would
change with respect to a change in humitidy, is a subject of our ongoing investigation. This topic is a much more
involved and complicated, and thus requires more in-depth data analysis. This will be reported in our next report.

4. Conclusion
From our experiment, we conclude that either water vapor or salt mist causes embrittlement of the backsheets.
Backsheets C and D which were tested in salt damp heat chamber perform about the same as backsheet A and B
which were tested in regular damp heat chamber, as shown from both the Ea measurements as well as the failure
point data.
Yet, we see widespread evidences of salt/water ingress, for instance in the form of connector corrosions which
were found from installed traditional PV modules in tropical/sea close regions. Given the experimental results of the
present study, where it suggests that the integrities of the backsheets and how they degrade with water vapor and salt
mist are not very significantly different, this could thus indicate that the corrosions could instead result from water
vapor/salt ingress through the edges of module frames or through delaminated/cracked backsheets. This possibility
is the subject of our ongoing investigations.

Acknowledgements
We acknowledge National University of Singapore (NUS) and Solar Energy Research Institute of Singapore
(SERIS) for collaborations and discussions.
Critical support and infrastructure provided by Singapore University of Technology and Design (SUTD) during
the manuscript preparation is much appreciated. ASB, RK and VH also gratefully acknowledge the fundings and
support from National Research Foundation (NRF)/Economic Development Board (EDB) of Singapore for the
project under EIRP Grant (NRF2013EWT-EIRP002-017) – Enabling Thin Silicon Technologies for Next
Generation, Lower Cost Solar PV Systems.
We also acknowledge SunPower Corporation and REC Group for their continued supports in the forms of
discussion and experimental support/materials.
We would like to thank Miss Zhou Jiahui, from SUTD-Zhejiang Undergraduate Research Project, for
experimental assistance in setting up the tensile testing for backsheets. We also gratefully acknowledge Prof.
Yohanes Surya, Prof. Tommy Tamtomo and Prof. Jon Respati from Surya University for discussions and supports .
References
[1] C. Dechthummarong, B. Wiengmoon, D. Chenvidhya, C. Jivacate, K. Kirtikara, Physical Deterioration of
Encapsulation and Electrical
Insulation Properties of PV Modules After Long-Term Operation in Thailand,
Solar Energy Materials and Solar Cells, 94, 2010.
[2] G. Mathiak, J. Althaus, S. Menzler, L. Lichtschlaeger, W. Herrmann, PV Module Corrosion by Ammonia and
Salt Mist Experimental Study with Full-Size Modules, European Photovoltaics Solar Energy Conference and
Exhibition Proceedings, 2012

13

14

Gregoria Illya et al. / Procedia Engineering 139 (2016) 7 – 14

[3]

P. Schinkoethe, S. Nieland, J. Michael, M. Kugler, PV Modules and Components Under Extraordinary
Enviromental Conditions Using The Examples of Sodium Chloride Atmospheres, 26th European Photovoltaic
Solar Energy Conference and Exhibition
[4] T. M. Walsh, Z. Xiong, Y. S. Khoo, A. A. O. Tay, A. G. Aberle, Sinapore Modules – Optimised PV Modules
for the Tropics, ICMAT, Symposium O, Energy Procedia, 2011.
[5] Q. Wang, C. Rui, J. Sun, X. Zhao, J. Cai. “How to Design Solar Module In the Tropics”. 28 th European
Photovoltaics Solar Energy Conference and Exhibition, February 2013, Page 3362 - 3364
[6] F. Fabero, CIEMAT: “Salt Mist Corrosion Testing of Photovoltaic Modules”, IEC/TC82/WG2 Meeting,
Titisee, Germany, October 2007
[7] M. Kempe. “Overview of Scientific Issues Involved in Selection of Polymers for PV Applications”. 37 th IEEE
Photovoltaic Specialists Conference, June 2011
[8] K. Kowsaka, M. Kanao, M. Kawashima. “ Specially Designed EVA and Polyolefin Films for PV Module
Encapsulation”. 25th European Photovoltaics Solar Energy Conference and Exhibition, September 2010, Page
4047 - 4048
[9] X.B. Azeau, W.A. MacDonald, J.M. Mace. “Latest Developments in Polyester Films for Thin Film Photovoltaic
Applications”. 25th European Photovoltaics Solar Energy Conference and Exhibition, September 2010, Page 603
- 607
[10] J. Pern. “Module Encapsulation Materials, Processing and Testing”. APP International PV Reliability
Workshop, December 2008.
[11] T.M. Walsh, Z. Xiong, Y.S. Khoo, A.A.O. Tay, A.G. Aberle. “Singapore Modules - Optimized PV Modules
for Tropics”. Energy Procedia 15, 388-395, 2012
[12] W. McMahon, H. A. Birdsall, G. R. Johnson, C. T. Camilli, Degradation Studies of Polyethylene Terephthalate,
J. Chemical and Engineering Data, Vol. 4, No. 1, 57-79, 1959
[13] A.S. Budiman, G. Illya, V. Handara, A. Caldwell, C. Bonelli, M. Kunz, N. Tamura, and D. Verstraeten.
Enabling Thin Silicon Technologies for Next Generation c-Si Solar PV Renewable Energy Systems using
Synchrotron X-ray Microdiffraction as Stress and Crack Mechanism Probe., Solar Energy Materials and Solar
Cells, 130:303–308, 2014.
[14] A.S. Budiman. Enabling Thin Silicon Solar Cell Technology, http://www-als.lbl.gov/index.php/sciencehighlights/industry-als/829-improving-thin-silicon-solar-cell-technology.html, June 2013.
[15] A. S. Budiman, W. D. Nix, N. Tamura, B. C. Valek, K. Gadre, J. Maiz, R. Spolenak, and J. R. Patel. Crystal
plasticity in Cu damascene interconnect lines undergoing electromigration as revealed by synchrotron X-ray
microdiffraction. Applied Physics Letters, 88:233515 (1–3), 2006.
[16] A. S. Budiman, P. R. Besser, C. S. Hau-Riege, A. Marathe, Y. C. Joo, N. Tamura, J. R. Patel, and W. D. Nix.
Electromigration-Induced Plasticity: Texture Correlation and Implications for Reliability Assessment. Journal of
Electronic Materials, 38:379–391, 2009.
[17] A. S. Budiman, C. S. Hau-Riege, W. C. Baek, C. Lor, A. Huang, H. S. Kim, G. Neubauer, J. Pak, P. R. Besser,
and W. D. Nix. Electromigration-Induced Plastic Deformation in Cu Interconnects: Effects on Current Density
Exponent, n, and Implications for EM Reliability Assessment. Journal of Electronic Materials, 39:2483–2488,
2010.
[18] A. S. Budiman, N. Li, Q. Wei, J. K. Baldwin, J. Xiong, H. Luo, D. Trugman, Q. X. Jia, N. Tamura, M. Kunz,
K. Chen, and A. Misra. Growth and structural characterization of epitaxial Cu/Nb multilayers. Thin Solid Films,
519:4137–4143, 2011.
[19] A. S. Budiman, H. . A. . S. Shin, B. . J. Kim, S. . H. Hwang, H. . Y. Son, M. . S. Suh, Q. . H. Chung, K. . Y.
Byun, N. Tamura, M. Kunz, and Y.C. Joo. Measurement of stresses in Cu and Si around through-silicon via by
synchrotron X-ray microdiffraction for 3-dimensional integrated circuits. Microelectronics Reliability, 52:530–
533, 2012.
[20] H.A.S. Shin, B.J. Kim, J.H. Kim, S.H. Hwang, A.S. Budiman, H.Y. Son, K.Y. Byun, N. Tamura, M. Kunz,
D.I. Kim, and Y.C. Joo. Microstructure evolution and defect formation in Cu through-silicon vias (TSVs) during
thermal annealing. Journal of Electronic Materials, 41:712 – 719, 2012.

