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ABSTRACT

Reflectors are an essential part of parabaliugh solar
electric and other concentrating solar power (CSytems.
Reflectors in CSP systems require a high reflegtameer the
solar wavelength spectrum and they must be dutabdeitdoor
exposure and resist all forms of degradation anes.t

All utility-scale CSP systems installed to elaise glass
reflectors. Glass mirrors have maintained theilectédnce very
well in CSP environments, but they are susceptiblevind-
related breakage and are expensive to transportirzstdil.
Alternative lower-cost reflectors are needed touoedthe cost
of CSP systems [1]. ReflecTéchMirror Film is a highly
reflective polymer-based film co-developed with tRational
Renewable Energy Laboratory (NREL) for concentgatiolar
energy applications. The attributes of ReflecTfebtirror Film
and test results for weatherability are describerein.

This paper discusses field and lab test result properties
of ReflecTecR Mirror Film, specifically: 1. Stability under
ultraviolet (UV) light through accelerated testingd outdoor
real-time testing . 2. Mechanical stability andistsice to
moisture through water immersion tests for delationaand
“tunneling”. 3. Mechanical resistance to high wimdents
common in utility-scale concentrating solar powpplecations.
4. Lighter weight and resistance to breakage tlaluces
transportation and installation costs, and alloweatgr design
flexibility of concentrator geometries. 5. Loweritial cost
compared with curved glass mirrors.

To test for weatherability, reflector samplesre subjected
to controlled conditions more extreme than actuatdoor
environments. NREL maintains a world-class testiagability
for solar reflectors that includes a Solar Simulg®S), QUV
(an accelerated exposure chamber manufactured habQ-
Corp. that subjects materials to alternating cydkgight and
condensation at elevated temperatures), and
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WeatherOmetér (WOM) exposure chambers that allow
accelerated testing of reflector samples.

In addition, samples of ReflecTécNlirror Film have been
subjected to ACUVER accelerated outdoor weathering tests
(natural sunlight in Phoenix, AZ, concentrated Bttmes with
a Fresnel-reflector while the samples are coolat @ifan to
near ambient conditions and sprayed with de-ionizater 8
min per natural sun hour).

Immersion tests were also performed to testéisistance of
ReflecTec Mirror Film to extreme moisture. Test results
compared ReflecTech® film performance to past filraducts
like 3M's ECP-300 and ECP-305+ which suffered from
“tunneling” [2], a problem whereby the silver rafteve layer
delaminates from the polymer film in the presentcmoisture.

INTRODUCTION

ReflecTec Mirror Film is a highly-reflective, polymer-
based, silver film for reflecting and concentratisignlight. It
was developed to be outdoor weatherable, ultravigight, and
adhesive backed for easy application.

ReflecTecf Mirror Film was developed in collaboration
with the National Renewable Energy Laboratory (NIREL
ReflecTech film comes on rolls up to 1,500°f139nf) that
weigh less than 75 Ibs (34 kg) and are readilysppartable. As
illustrated in the photograph of a solar parabotitector using
ReflecTecf Mirror Film in Figure 1, and as described in Table
1, the film has a solar-weighted hemisphericalectfince of
94%, a specular reflectance of 94% at 660 nm andr2sl
(1.4°) full acceptance angle, and can be supphieali widths
up to 60 inches (1.5 m) for less than $19/mvith aluminum
substrate cost at $1.44/Ib based on mill quantifizsMay
2009), the cost is less than $36/mompared with glass mirrors
at $43-64/ M[3].
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Figure 1. SkyTrough™ Collector ing ReflecTech Film

Table 1. Typical Specifications of ReflecTechMirror Film

Parameter Value
|Specular Reflectante 94% |
Solar-Weighted Hemispherical 94%

Reflectancé

|N0minal Thickness 0.1 mm (0.004") |

1 At 1.4 (25 mrad) full acceptance angle measured viD&S Specula|
Reflectometer

2 Integrated over air mass 1.5 direct normal sqglacsum

DESIGN CONSTRUCTION

ReflecTecfi Mirror Film is constructed of multiple layers
of polymer films with a silver reflective layer. &hspecial
construction [4] protects the silver layer fromdadion and UV
degradation. ReflecTe®hMirror Film has a pressure sensitive
adhesive that allows application to smooth, norepsr
surfaces. A peel-off backing protects the adhesurdil
application and a peel-off top liner protects thieron surface
during processing, transportation, and installation

ATTRIBUTES

ReflecTecf Mirror Film has demonstrated stability under
UV light, which is needed for the severe outdoorbemt
environments that solar applications experience. also
demonstrates mechanical stability against severéstumne.
Water immersion tests at NREL have been completigtibut
signs of delamination or tunneling.

ReflecTec fim has an adhesive backing for easy
application to a rigid substrate material suchlamaum. This
enables the use of ReflecTech® film for a largeietgarof
reflector shapes and sizes-from nearly flat reflecto curved
parabolic shapes and V-shaped reflectors.

The reflectance of ReflecTeEhMirror Film is shown
relative to the solar spectrum in Figure 2. Thenfik highly
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Figure 2. Spectral Reflectance of ReflecTe€hFilm and
Solar Irradiance.

In addition, ReflecTechexhibits high specular reflectance.
Figure 3 presents comparative data with thin giatsr mirrors.
ReflecTecA material is often laminated to an aluminum
substrate, which reduces specular reflectance at small
acceptance angles (~3.5 mrad half acceptance angte)
acceptance angles representative of solar troughectrators
(12.5 mrad half acceptance angle) the speculaeatefice of
ReflecTech exceeds that of thin glass.
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Figure 3. Specular reflectance of ReflecTeéhand thin glass
solar mirrors. Error bars represent one standard vaiation
for 6-10 measurements.

The weight of ReflecTech® Mirror Film laminated to
0.050” aluminum substrate is approximately 3.6 Kjy/m
compared to glass mirrors (Flabeg RP2 4 mm) atgl@rk

RESEARCH & DEVELOPMENT

NREL maintains a world-class testing capability fmiar
reflectors. They conduct a variety of environmésteess tests
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using specialized measurement equipment for detérgithe
characteristics and longevity of materials that exposed to
extreme outside environments. Laboratory-controtesting is
applied to accelerate the failure mechanisms itiedtiby
outdoor testing.

To test for weatherability, reflector samples argjscted to
controlled conditions more extreme than experierioedctual
outdoor environments, such as high doses of U\a\ittlet)
light, high humidity, and high temperatures. Tefsts excess
humidity include environmental chamber testing anchersion
testing. Ultraviolet radiation in the UV-A and UV-Binges, in
combination with humidity in environmental chambiests,
accelerate material degradation and corrosion.

Accelerated exposure testing for reflectors inctutleese
methods:

1.4 kW SS (2X Xenon arc light source, 300-500 nm

Figure 5. UV spectra for the Solar Simulator, QUV,and

spectrum: constant exposure at 4 combinations of Cie5 WeatherOmeter exposure chambers compared with

temperature and relative humidity)

Q-Lab QUV (UVA-340 light source, 290- 340 nm
spectrum; cyclic exposure: 4 h UV at 60°C / 4 hkdar
at 30°C, 100%RH)

Atlas Ci65 & Ci5000 WOMs (1X & 2X filtered Xenon
Arc light source, full spectrum; constant exposate
60°C & 60%RH)

Immersion tank (full immersion in de-ionized water)

SOLAR SIMULATOR

NREL has developed a Solar Simulator Exposure Ceamb
(Figure 4) that maintains high light intensitiestif@es the sun’s
intensity in the UV part of the spectrum as seeffrigure 5),
controlled temperatures and relative humidity “RHIp to
70°C and 70% RH) in order to achieve highly aceebst
testing of reflector samples.

Figure 4. NREL's Solar Simulator

2X and ASTM global airmass 1.5 solar spectrum [5]

Solar Simulator results are shown in Figure 6 for
ReflecTec# Mirror Film and compared against two other
reflective film constructions (ECP-305+ and ECP-308de by
3M). 3M’s ECP-300 was a silvered acrylic film thaad
excellent optical properties, but limited outdoagatherability.
UV-induced corrosion of the metalized silver layetECP-300
generally limited the film to a 3 to 5 year outdditetime [6,7].

Figure 6. Testing of Reflective Films in Solar Simiator;
2500 h exposure corresponds to ~2 years outdoors in
Florida in terms of cumulative UV dose.

3M's ECP-305+ was a much more corrosion-resistant
silvered acrylic film [7] that was expected to hatdeast a 10
year lifetime in some outdoor climates. Unfortuhatéoth of
the 3M reflective films suffered from “tunneling”the
separation of the top polymer layer from the sidetayer [2].
The separation (tunneling) occurred when the filmsre
subjected to elevated moisture conditions for aereded time
period. The separation grew in long finger-likeebnand looked
like long tunnels. Nevertheless, the film was vetlaracterized
in the laboratory through accelerated tests. Tthese two 3M
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films provide convenient references for
weatherability of ReflecTe&hMirror Film.

The data in Figure 6 are for samples subjectedhé& t
highest temperature (70°C) and the highest reldtiwmidity
(70%) inside the NREL Solar Simulator Exposure Cham-
conditions that are rather extreme in order to tyesccelerate
degradation.

gauging

WEATHEROMETER®

WeatherOmeté&r chambers are used to subject samples to

laboratory-controlled accelerated exposure conubtio]8].

Typically a xenon-arc light source is filtered toopide an
approximate spectral match to an airmass 1.5 smactrum.
Samples are subjected to light intensities betwée®X.

Elevated chamber temperature 6P and relative humidity
(60%) are also used.

Accelerated testing of ReflecTéttMirror Film using a
WeatherOmeté&r at NREL shows solar-weighted reflectance
values above 94% for all wavelengths with significa
contributions to the solar spectrum. Samples expdse 6
months correspond to roughly 1.5 years outdoorvedgmt in
terms of cumulative UV dose. After this exposurechange in
spectral hemispherical reflectance has occurredu(gi 7).
Exposure testing of this material is continuing.
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Figure 7. Ci65 Weather-O-Meter Testing of ReflecTet”
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The QUV test chamber uses UV-A fluorescent lampd th
deliver about 35 W/fmof UV light (between 300 - 400 nm).
These lights provide a fairly good match to a terial global
solar spectrum between 300-350 nm but falls offrjcared to
the solar spectrum) between 350-400 nm as illestrat Figure
5. The UV exposure in the QUV is therefore lesstbatdoors.
We use the QUV primarily for the water condensatigales to
test the resistance of the film to cyclic condeiosa9].

Four ReflecTech Mirror Film samples (4" x 4”; twaithv
%" border removed with razor, two with sheared adged no

the edge tape) were placed in the QUV test chambe84atays; no

delamination occurred.

WATER IMMERSION

Samples of ReflecTe€hfilm were immersed in water to
test for delamination and tunneling. To validatee th
effectiveness of the method the test was also egph ECP-
305+ film. The immersion test resulted in the defation and
tunneling of the 3M film and validated the resis@nof
ReflecTech film to excessive moisture as illustrated in Fgur
8. The ECP-305+ had significantly delaminated afiaty 4
days; no delamination occurred for the Reflecfeamaterial
after 60 days.

Figure 8. Immersion Test Results for Reflective Fihs

ACCELERATED OUTDOOR TESTING

A key test used to determine the durability of BeTlecf
film involves concentrating natural solar energyil/ispraying
the film with moisture [10]. The ACUVEX Accelerated
Weathering test is a 10-mirror tracking array tbabcentrates
sunlight onto samples placed at an exposure plaheren
sample temperatures are maintained by convectivealing.

Figure 9 shows the results of a near 10 year elguitvéest
and compares the ReflecT&dMlirror Film against another film
product (3M's SS-95) that was used in the past dolar
concentrator applications but exhibited a limiteditdmor
service lifetime [7]. After nearly 10 years equimail outdoor
exposure the ReflecTe®Mirror Film shows no significant loss
in solar-weighted hemispherical reflectance [11].

Samples of ReflecTe€hMirror Film are undergoing tests
to a 20 year equivalent outdoor exposure. Testogp@00
MJ/n? will take approximately 4 years. A second groupl wi
also be tested for 5600 MJrdV, but will be shipped back for
inspection and measurement every 560 MJ/m2 UV (adaery
4 to 5 months). Measurements after 1120 MW exposure
(~3.8 years outdoor equivalent) indicate no losssolar-
weighted hemispherical reflectance.
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Figure 9. ACUVEX Accelerated Outdoor Test ResultsJVv
and Moisture

INSTALLED PERFORMANCE AT SEGS

Panels laminated with ReflecTécfilm have been installed
at SEGS VI in the Mojave Desert for 6 years. Fduten panels
were readily accessible for in-field measurementese panels
are installed in the last section of a row, theatmn where the
most severe winds and elements are prevalent. Thasels
were subjected to high levels of ambient UV andperature,
and frequent cleaning including contact methods.

Figure 10. Row containing ReflecTech and Glass Panels;
missing upper right glass mirror panel experienced
breakage due to high wind.

One glass mirror panel installed in the same sec®the
ReflecTecfi panels had shattered as seen in Figure 10 (missing
panel top right corner). It was observed that theakage of
glass mirrors frequently results in damage to remetubes
[12]. It is typically reported that 0.5% of glas$rars installed
in CSP environments break per year. ReflecTedtm
laminated to a metal substrate is categoricallpngter than
glass and resistant to breakage due to wind events.

Based on measurements made after 5 % years ofasutdo
service, one important conclusion can be drawnt tha
ReflecTecf material has exhibited excellent optical durapilit
and maintains high hemispherical reflectance (leas 1% loss
across the solar spectrum after 5 1/4 years outegoosure in
CA). Surface scratching of the film was observedjicv
reduced specularity of the film. This scratchingswue to a
washing method (mechanical scrubbing) used at SEGS
that would not be used as a standard maintenaradiqe for
non-glass reflectors. Unlike many silvered polymevducts in
the past, the silver reflective layer has not coe/degraded in
this timeframe.

CONCLUSIONS
Through a close collaboration with NREL, ReflecT®ch

Mirror Film has been developed and thoroughly tstgainst
corrosion from UV and moisture for application imitdoor
environments. Accelerated testing using natural ligihin
(ACUVEX) shows no loss in reflectance after nedrly years
equivalent outdoor exposure. Installation for 6rgeat SEGS
VI supports the accelerated test results thatithei$ suitable
for use in outdoor environments. Testing of thenfis ongoing
with annual visits to SEGS VI and outdoor accebstatests
continuing toward a 20 year equivalent.
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