Optical Durability of Candidate
Solar Reflectors

Concentrating solar power (CSP) technologies use large mirrors to collect sunlight to
convert thermal energy to electricity. The viability of CSP systems requires the develop-
ment of advanced reflector materials that are low in cost and maintain high specular
C.E Kennedy reflectance for extended lifetimes under severe outdoor environ_ments. The long-standing
e goals for a solar reflector are specular reflectance above 90% &# mrad half-cone
angle for at least 10 years outdoors with a cost of less than $13%8(the 1992
K. Terwi"iger $10.8 /nt goal corrected for inflation to 2002 dollars) when manufactured in large vol-
umes. Durability testing of a variety of candidate solar reflector materials at outdoor test
sites and in laboratory accelerated weathering chambers is the main activity within the
. Advanced Materials task of the CSP Program at the National Renewable Energy Labo-
National Rene\:/gngYeCEgleergByOtﬁeti/t;rrzt‘o'(ﬂy/(sN;i%): ratory (NREL).in quden, Colorado. Test rgsults to date f_or several' .candida}te solar
Golden CO 80401-3393 reflector materials will be presented. These include the optical durability of thin glass,
' thick glass, aluminized reflectors, front-surface mirrors, and silvered polymer mirrors.
The development, performance, and durability of these materials will be discussed. Based
on accelerated exposure testing the glass, silvered polymer, and front-surface mirrors may
meet the 10 year lifetime goals, but at this time because of significant process changes
none of the commercially available solar reflectors and advanced solar reflectors have
demonstrated the 10 year or more aggressive 20 year lifetime
goal. [DOI: 10.1115/1.1861926
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1 Introduction This cost goal was defined in 1992; correcting for inflation, a

. oo . ) 10.8 /n? ($1 /ft2) mirror in 1992 dollars would be equivalent to
CSP technologies are capital intensive and, for the first tru%l&S/n”r ($1.3 /1) in 2002 dollarg2].

commercial systems, about half of the total capital cost of a pow rCurren'[ly, the best candidate materials for solar reflectors are

plant will be invested in the solar collectors. This makes reducing|yer.coated glass and silvered-polymer films. Polymer reflectors
the cost of solar collectors critical to achieving energy cost targefge lighter in weight, offer greater system design flexibility, and
compatible with economic viability; it requires cost reductions bjave the potential for lower cost than glass reflectors. However,
a factor of 2—4, depending on the technology. The reflector caslivered polymer reflectors, deployed on systems during the
for all three CSP technologies represents about 30% of the colld®80’s, have several limitations, including a lifetime of less than
tor cost. However, because structural costs are closely relatedlfyears, poor adhesion between the silver and the polymer upon
reflector costs, the potential cost impact of the reflector design c@Posure to water, and higher costs than the cost|ggabilvered

be ~50% of the cost of a dish or heliostat and’5% of the cost thin (1.0 mm thick glass is durable but is fragile in shipping and

of a trough collector. Thus, improved solar reflectors play an i __andling, durability is dependent on adhesive selection, availabil-

ortant role in achieving the required cost reductions in solar cqp. is limited to only a single U.S. manufacturer, and has relatively
P 9 q igh cost compared to the cost goal. These materials may meet the

lectors. In addition, CSP systems must operate reliably for dggrrent reflector goal, but it is uncertain whether they can meet a

cades under extremely harsh environmental conditions thghger lifetime goal of 20 years of outdoor service.

include solar ultraviolet irradiance, wind, rain, blowing sand, soil- The Advanced Material Task directs the development of ad-

ing, and high and low temperatures. This constitutes a formidatdanced reflector and absorber materials through collaborative ef-

challenge to manufacturing low-cost, highly durable concentrattorts with solar manufacturers and by interacting with the coatings

elements. industry. This allows crucial gaps in the technology to be ad-
The widespread application of CSP generation depends largégssed and suggestions by industry experts or from the literature

on developing a durable, low-cost reflector. NREL, workin be explored. This paper provides an update on the status of the

jointly with Sandia National Laboratories as Stihab, oversees op candidate solar reflectofs].

development of reflectors for the U.S. Department of Energy

(DOE) CSP Program. The CSP Program’s goals for a solar reflec- ) ) ) » )
Candidate reflector materials are identified based on their po-

tor are specular reflectance above 90% iat4 mradhalf-cone il for | t and hiah ontical f d durabilit
angle that lasts for at least 10 years under outdoor service cor@f—1 1al for fow cost and high optical periormance and duraoiity.

tions. and a large-volume manufacturin t of | th amples are supplie_d by industry, fabricated by NREL _subcon-

' 9 i g cos ‘_) ess qpactors, or prepared in-house by NREL staff; all constructions are

$10.8 /nt ($1/ft%) [1]. Unofficially, the more aggressive goals ofoptically characterized prior to exposure testing. These mirrors are

95% reflectivity and a 15-30 year lifetime have been pursueghen subjected to accelerated or outdoor weathering at a variety of
geographically diverse exposure sites.

Contributed by the Solar Energy Division and presented at the ISEC2004 Port- ; ; : . . _
land, Oregon, July 11—14, 2004 OHE AMERICAN SOCIETY OF MECHANICAL 2.1 Optical Characterization. Optical performance is char

ENGINEERS Manuscript received by the ASME Solar Division; April 28, 2004 finalac_teriz.ed in terms of speculgr reﬂ_eCtance: the .degree to which a
revision June 29, 2004. Associate Editor: R. Pitz-Paal. mirror is capable of transferring directed radiation to a target re-
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Table 1 OET stress conditions generally in the order they were mentioned above. Degradation
can also result from synergistic effecesg., photothermal, photo-

Ave daily f
Stress UV dose hydrolytic).

Site conditions (MJ/n?* d) 2.3 Accelerated Exposure Testing. If the same failure
Phoenix, AZ Hot—Dry 09131 Mechanisms identified l:_)y oytdoor testing are replicated by
Miami, FL Hot—Humid 0.7666 laboratory-controlled testing; it may be possible to accelerate
Golden, CO Cool-Mild 0.9117  these failure mechanisms by exposing materials to a combination

of higher temperatures, higher relative humidity, and increased
UV doses. This allows for early screening of developmental ma-
terials. A variety of suitable accelerated weathering chambers are
. ) ) . typically used to screen samples by accelerated exposure testing
ceiver surface. Candidate reflector materials must exhibit Ve{XET). The accelerated weathering chambers allow control and
good specular reflectance; microroughness of the mirror SUrf"?‘i;r‘?tnnitoring of light intensity, relative humiditgRH), and tempera-
crazing of protective topcoats, or both, can result in scatteripgye (T). Two exposure chambers have been primarily used
(loss of light outside a specified acceptance angle. Depending gimely, an Atlas Ci65 WeatherOme(&i65) and an Atlas Ci5000

the CSP qppllcatlon, the system requirement is typlca]ly 90% "eatherOmeteXCi5000. Typical conditions aréT=60°C and
flectance into a half-cone angl_e of 2—4 mfad Thc_a requirement RH—60%. Each chamber can accommodate a large number
for a 4 mradhalf-cone angle is based on the higher speculan(ywzoo_?joo) of sample&oughly 67 mmx 44 mm) at the same
requirements of parabolic dishes and heliostats; these speculafilye with simulated solar irradiance levels of roughly 1 to 2 times.
requirements are not as restrictive for pqrabollc trough collectoffiese units use a xenon-arc light source with filters designed to
because linear concentrators have considerably lower concengﬁ,-e a close match to the terrestrial air-mé&M) 1.5 global solar

tion ratios. During weathering, Iosg in specular_ reflect_ance _héﬁectrum[(s]. The Ci65 and Ci5000 operate continuously, with
generally been found to be proportional to loss in hemls_pherquadht levels about equal to outdoor exposure for the Ci65 and
reflectance. Weathering-induced corrosion of the reflective layglice that for the Ci5000. As outdoor weather conditions vary
usually causes loss of hemispherical reflectance much sooner tB@Htinuously, accelerated exposure conditions can also change as
specularity is lost due to surface effe(:emllng, crazing, etg.of well, either purposelyby programming a desired weathering pro-
the superstrate or a variety of other mechanisms. Because spegf@| or inadvertently(for example, loss of light intensity due to
hemispherical reflectance is relat!vgly easier to. measure .t ng of the bullh Consequently, all relevant weathering param-
specular reflectance, and because it is the predominant contribW@lis must be known and measured as a function of time. An
to loss in specular reflectance during weathering, it is the perfely 754 spectral radiometer system is used to measure from 250 to
mance parameter that is predominantly monitored. A Field PO§ng nm at a 1 nmresolution the spectral content and spatial uni-
table Specular Reflectometer from D&S Instruments was usedgifmity of artificial light sources so that samples can be subjected

measure the specular reflectance of the reflectors at 7, 15, andgccelerated testing in known and controlled laboratory environ-
mrad full-cone angles at 660 nm. ments

All candidate solar mirror materials are optically characterized
prior to exposure testing. Optical performance is periodically re-
measured as a function of exposure tifeavironmental stresses
to assess optical durability. Initial spectral hemispherical reflec-
tance of samples is measured using dual-beam UV-VIS-NIR spe&k- Test Results

trophotometers with integrating-sphere attachments using secondpytica| durability test results are presented graphically as plots
ary reflectance standardtraceable to the National Institute of o optical performance% change in hemispherical reflectance

Standards and Technologyvhich allows the absolute reflectancey o haseline conditionversus ex ; o
. : posure time under specified en-
to be measured as per ASTM E903+8. A meaningful single \yonmental conditiongfor accelerated test chambers location

measure of optical performance is the solar-weighted hemisphegls o tqoor sites The solar-weighted hemispherical reflectance
cal reflectancep,,, weighted across the entire solar SPectrumy piqtted as a function of total ultraviolétV) dose outdoor
(A =250-2500 nm). To obtain the solar-weighted average, t&nqqre. The total annual UV dose at FLA is equivalent to
2 erostrial solar SpecirufS]. f e mital performance is below 250 MJITF per year and 330 Mifiper year at APS and NREL.
some predefined F():ritical Iéveﬁtypically, pfor silver reflectors The tota:ﬁ annual UV dose for the Ci65 is equwglent to
<90% and for aluminum reflectors80%), the construction will +050 MJ/m per year and 2060 MJArper year for the Ci5000.

: : The total annual UV dose is calculated from averages of the solar
not be subjected to exposure testing. d - D "

ata and the spectral measurements. The primary gridlines divide
2.2 Outdoor Exposure Testing. Outdoor exposure testing the total UV dosage by 330 MJfnper year(or multiples of 330

(OET) is routinely performed at three exposure sites: Phoeniand a secondary axis above the graph shows the corresponding
Arizona (APS); Miami, Florida (FLA); and Golden, Colorado equivalent NREL exposure time in years. NREL exposure year is
(NREL). Screening is typically done only at NREL. A qualitativeused for the label when the exposure is only outdoors at NREL,
description of the average temperature—humidity conditions at thed equivalent NREL exposure year is used when the samples are
various sitegfor example, “Hot—Humid” at Miami, Floridais exposed at a combination of the Ci65 and/or different outdoor
provided in Table 1. Outdoor sites are fully instrumented in ternsstes.
of monitoring meteorological conditions and solar irradiance. The Many such plots exhibit sharp changes in hemispherical reflec-
time interval between successive characterizations is typically thnce with exposure. These changes are typically caused by mea-
3, 6, 9, and 12 months during the first year of exposure and evemyrements taken in different areas of the sample or by discontinu-
3-6 months thereafter. Field-weathered samples can be measimgda degraded sample. The standard practice is to measure
both before and after appropriate cleaning to provide informationughly the center portion of the sample. However, large areas of
about soiling and ease-of-cleaning properties of candidate matearrosion, cracking, or breakage sometimes necessitate measuring
als. Environmental stress factors that cause degradation have bieemdifferent region of the sample. Individual curves are typically
identified from outdoor and accelerated exposure tggtsFor an average of multiple samples; when a failed sample is discon-
most solar mirrors, exposure during service to sunliglarticu- tinued, the average can increase, as the poor performer is no
larly ultraviolet wavelengths temperature, and moisture can leadonger included in the average value associated with a particular
to loss in reflectance. The relative severity of these stressestyipe of material. The datésymbolg represent average values for
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whatever numbers of sample replicates are available; error b Total UV Dose (100 x MJim®)

are for = one standard deviation and indicate the variation and

non-uniformity of the samples as they weather. Fig. 3 % change from base-line solar-weighted hemispherical

. . . . reflectance (93%) of Pilkington and Spanish silvered thick-
3.1 Thick Glass. The traditional wet silvered process iSglass reflectors with Cu-less back layer and Pb-free paint as a

used to manufacture glass mirr@Fsg. 1). The silver(Ag) layer is  function of accelerated Ci65 and NREL outdoor exposure
extremely vulnerable to airborne pollutantspecifically acids,

ammonia, or hydrogen sulfileand the moisture or salt particles

present in coastal environments and shorelines. To protect the sil-

ver, mirror backing systems consisting of a cop(i&n) back layer

and a protective paint have been developed that extend the servic

life of the mirrors significantly{8]. The copper layer has a signifi- i the last five years, two significant changes in mirror manu-

. o - facturing have occurred in the classical wet chemistry process
cant protective roldto retard tarnishing of the silver layeand becausg of environmental concerns. The first is the I’)I/'leF;hOd of

pr_owdes a_surfa(_:e for the mirror paint to adhere[€). The . forming a copper-free reflective mirror, and the second is the use
mirror-backing paint layer protects the copper layer from abrasm@ lead-free paints. The copper-free back layer inhibits corrosion

2gd_é:grrr:iﬂ8?s’ thus significantly extending the service life ogf the silver by contacting the silver simultaneously with both a

Thick glass mirrors £1mm) have excellent durability in specified cation solution and a specified anion or hydroxyl ion

terms of reflective layer corrosion and are readily available, bﬁii\lllg:osnurtpait e[rga(ljtz]toTI](:rBrng:raetsr-clgtsiglnuglglu?iroer?lggﬁar?sn titrr:e
are heavy and fragile. They have the confidence of the so% oy ; . ;

. . ) .g., SnCJ), and the preferred anion solution contains hydroxyl
manufacturing industry .af‘d have beef_‘ commercially deplo_ye ggs (e ngl)\laOH Theptreated coating is rinsed, and the )r/nirrosls
but cur\_/ed ihapez are dlrfgjcultjag\d rheqlgr? SILETpeq g(l;:\ss, Wh-ICque pa.in'.[,ed With.conventional paints or coveréd with a polymer
expensive. Trough mirror@ised by the Solar Electric Generatin . ; ; . .
System(SEGS plants in California, manufactured by Flabeg, usec'(lj\?grn%lrt]? protect the mirror against corrosion and abrasion of the
silvered, ctjhlc-k’ Slgmfmd gladss with a propnetr;ry multllayelr pa Mirror-b.acking paints are intended for mirrors produced by tra-

tem designed for outdoor exposure; they currently cost. ) . .
?:153 2_$64Ség/ﬁ1 ($4_r$6l;f@) fz)r Ie)t(r%eSl\J/LIume gurclrjlasesyFor(%t'onal technology for domestic use. Of the various paint formu-
trough applications, it is desirable for the mirror costs to be r ations that could be used for protecting a mirror, those that afford

. . . he best protection against corrosion contain I€2ld pigments.
duced to $21'6_$27 /%T($2_$2'5 /). Initial hemlspherlcal_ € The pigment is the active corrosion-inhibitor component of typical
flectance is~93% and the mirrors are durable, as shown in Fi

2 Shirror paint systems. Although these lead paints are robust, for
: reasons of environmental health, their use is being discontinued.
Twenty years ago, for outdoor applications, heavily leaded paints

) containing 10%—-20% lead by weight were used. In the past 3—10
Equivalent NREL Exposure Time (y) years, the most heavily leaded paints available were 2—4% lead
2 12 i by weight, and 1% was typical. Today, even these low-lead paints

+rAPS have been almost phased out. One of the best-performing Pb-free
SFLA [ corrosion inhibitor pigments is a (Rli and C&")-bis-hydrogen

= NREL cyanamidd9,12,13. Lead-free paint systems are intended for do-
EEING mestic (interior) conditions. An important benefit to the environ-
""""" ment is that the copper-free mirrors can be protected with the
lead-free paints.

Pilkington (UK) commercially introduced the copper-free pro-
cess in 2000 for thick3—6 mmn) soda-lime glass for domestic use.
R S S Testing of samples of Pilkington and “SpaniskCristaleria Es-
panola S.A—Saint-Gobain Spanish branglass mirrorgcopper-
free and lead-free paintbonded to steel with four different can-
didate adhesives, was initiated in 2000 for possible use at Solar
Tres. Although the mirrors exposed outdoors do not yet show
degradation, the Pilkington mirrors exhibit better optical durabil-
ity than the Spanish mirrors after 29 months of accelerated Ci65
exposure; on average, the Pilkington mirrors degraded 1%,

S P

S 4

Total UY Dose (100 x MJn*)

Fig. 2 % change from base-line solar-weighted hemispherical

reflectance (93%) of Flabeg silvered thick-glass reflectors with whereas the Spanish glass mirrors degraded 1Bk 3). As
proprietary multilayer paint system as a function of accelerated shown in Fig. 4, adhesive-related degradation is more prevalent
Ci65 WOM and outdoor exposure at APS, FLA, and NREL with Spanish glass mirrors. Depending on the adhesive used to
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Fig. 4 % change from base-line solar-weighted hemispherical Fig. 5 % change from base-line solar-weighted hemispherical
reflectance  (93%) of Pilkington and Spanish silvered thick- reflectance  (92%) of Naugatuck silvered thin-glass reflectors
glass teflectors with (_:u—less back layer, P_b—free paint, and four with copper back layer and Pb-free paint system as a function
adhesives as a function of accelerated Ci65 exposure of accelerated Ci65 and outdoor exposure at APS, FLA, and

NREL

with regard to system design issues; the major concern has been
bond the mirror, Spanish mirrors degraded 1.3%—4.2%, wherd@or durability of such materials in urban and industrializea-

Pilkington mirrors degraded 0.8%—1.6% after 18 months of accéyted chations. _ . '
erated Ci65 exposure. Candidate front-surface aluminum solar mirrors include anod-

) ) ) ized aluminum from Regiolux, another anodized aluminum mirror
3.2 Thin Glass. CSP companies have deployed thin-glasgaterial from Metalloxyd, and physical vacuum depositesD)
mirrors that were produced by wet silver processes~dhmm  ajuminized aluminum from Alanod. An improved anodized alumi-
thiCk, relatively ||ghtwe|ght glass and bonded to metal SUbStratﬁﬁm mirror from Alanod incorporated a protective po|ymeric
in commercial installations. Initial hemispherical reflectance isvercoat onto PVD aluminized aluminuttoriginal” in Fig. 7).
~93 to 96%, and the cost is-$16.1/nf to $43.0/nf The addition of an acrylic polymeric overcoat to protect alu-
(~$1.5 /i€ to $4.0 /ff). The mirrors have the confidence of themina improved the durability and samples survived more than five
CSP industry, but are fragile and difficult to handle, which impactgears of outdoor exposure in Golden, Colorafamproved
the concentrator labor costs. Miro2” in Fig. 7), and Phoenix, Arizona, and more than three
Corrosion has been observed in mirror elements deployed ouears of outdoor exposure in Miami, Florida, anditKaGermany.
doors for two years as part of operational solar systems. ThisHewever, the acrylic overcoated material failed in accelerated
very similar to the corrosion bands and spots observed on sntalting. The acrylic overcoat was repladémliro/4270kK”in Fig.
(45 mmx 67 mm) thin-glass mirrors laminated with several dif-7) and the new formulation shows improved hemispherical dura-
ferent types of adhesives and subjected to AET at NREL. Thekiity as shown in Fig. 7. However, specularity has degraded with
samples exhibited corrosion at the unprotected edges and aleudgdoor exposure at Arizona, Florida, and NREL, and with accel-
cracks, and the choice of adhesive affected the performanceeoéted exposure in the Ci&@big 8). The longer time scale for the
weathered thin glass mirrors. degradation in the Ci65, indicates the AET does not replicate the
Thin-glass mirror manufacturers have also switched to the
copper- and lead-free process. Glavert®élgium) and Naug-

atuck (U.S) are using the copperless lead-free paint systems Equivalert NREL Exposure Time [v)

their commercial mirror lines. The following thin-glass mirrors ¢ 1 25 a5 g T8 I
are being tested to assess their performance and durability: 1 —+—LOW LEAD PAINTING SUBETRATE : : 1 :

1.2-, and 2.0 mm Naugatuck mirrors with and without copper ar , || —#- LEao pamTno sug=TRATE A
with low-lead and no-lead paint; the 0.85 mm Glaverbel Miro: —m—LOWY LEAD PAINTIIN 556 ADHIAL ! ) VAT
(copperless mirrgr and silvered thin glass reflectors prepared b —E1-N0 LEAD PAINTIIN SSGAD HiAL A ; :
German companies and provided by Deutsches Zentrurufit- ¥ 7| - ow Leap PaNTMACTA 'm'Zngfﬂf Bl Sr=ey i i
und Raumfahr{DLR) from Schlaich, Bergermann, und Partnerﬁ ~Hi=H0 LEAR "’"""’!"““ﬁ'ﬁ?‘m’“ - ! . !
Steinmiller; and Erie Electroverrgl4]. To date, mirrors exposed §2 T---- R Rt TRl (REs i Sl & N iy
outdoors show little to no degradatigRig. 5. After three years # A NS

of accelerated Ci65 exposure, the Naugatuck mirrors with no-le 1 f--Ft=-1-4 s - mpmnomclono- ,“"'I?':;‘;"‘J,“".r ot
paint are exhibiting comparable durability to the mirrors with low k . x" b

lead paint(Fig. 6), although both show degradation up to 3% , — -;” In
depending on the mirror mounting@.e., substrate and adhesive ™" s Ges sge sys
used to mount mirrgr P i : i

3.3 Aluminized Reflectors. Front-surface-aluminized re- Total UV Dose (100x M.ln®)

flectors use a polished aluminum substrate, an enhanced alumi- 6 % ch ¢ base-l | inhted hemisoherical

num reflective layer, and the formation of a protective oxidizeg¥: 8 % change from base-line solar-weighted hemispherical
- L ._reflectance (92%) of Naugatuck silvered 1 mm thin-glass reflec-

topcoat (@luming [14,19. The reflgctors "?'“a' reflectance 'S tors with low-Pb and no-Pb paint and with no substrate vs lami-

~90%. The product was commercially available from Alanod iRateq to aluminum substrate with Mactac IF2012 and 3M 966

Germany for<$2/f®>. Germany is very interested in such alumipressure sensitive adhesive as a function of accelerated Ci65

nized reflectors because of their potential low cost and flexibiligxposure
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Fig. 9 % change from base-line solar-weighted hemispherical
reflectance of 3M ECP-305 + (94.5%) and 3M SS-95 (96%) as a
function of NREL outdoor exposure

Fig. 7 % change from base-line solar-weighted hemispherical
reflectance (92%) of Naugatuck silvered 1 mm thin-glass reflec-
tors with low-Pb and no-Pb paint and with no substrate vs.
laminated to aluminum substrate with Mactac IF2012 and 3M
966 pressure sensitive adhesive as a function of accelerated

Ci65 exposure L . .
has intrinsically weak adhesion between the polymer and the sil-

ver reflective layer, which lead to delamination problems during
. . - field application, especially after extremely rainy conditions. The
OET failure mechanisms. Aluminized reflectors from other maml'éflectir\)/[i)ty of the E%P-?,O)‘/b' was exceIIerBI/t at 23/4_5% and the

fatlcture(rjs elfghibitL.simiI?r .plefrform?(;]ce. Re%ently, Alaand br rability of test samples reached 10 years for some locations, as
stopped setling this matenal for outdoor use because ot problely, ., in Fig. 9. The cost of ECP-365in 1995 was $2.25 /4t

with delamination of the overcoat. The company is working t h : h [P )
find a solution to this delamination problem and associated spe‘:".,‘a"vI discontinued production of ECP-385in 1997. Several fac

larity decrease and to improve the abrasion resistance of the Hr_s influenced this decision. In the past, 3M had been able to
flector[16,17] g_l%commod_ate low-quantity orders_ by maklng s_mall runs._The be-
e lief that suitable market opportunity did not exist led to internal
3.4 Silvered Polymer Reflectors. An alternate mirror con- redirection of resource€unding, manpower, etcto other busi-
struction for solar mirrors uses silvered polymers to make lighpess areas. Ironically, worldwide orders increased to necessitate
weight, flexible, solar mirrors. A silvered acrylic reflector develscale-up, but were not large enough to warrant the financial in-
oped jointly by 3M Company Energy Control Produ¢sCP  vestment required to meet the volume. Additionally, despite posi-
with NREL, ECP-30%, consisted of 0.1 mm UV-stabilized poly- tive progress in solving the delamination problem, there was
methylmethacrylatdPMMA) film with an evaporated reflective widespread negative publicity surrounding the delamination prob-
Ag layer, a protective Cu layer, and a pressure-sensitive adhedig@ during field service. Finally, additional technical problems
layer for application to a rigid support structure. For optical puwere identified with scaling up the manufacturing process.
poses, the PMMA layer is thick; this provides integrity to the The 3M SS-95 reflector, an indoor lighting product, has silver
stack and serves as a superstrate. Acrylic demonstrates the foll@waporated onto a polyethylene terephthal@ET, a polyester

ing characteristics: Excellent stability in the environment, excefilm substrate with a thin layer of a weatherable acrylic, PMMA,
lent optical properties, the ability to protect silver, and the abilitflood-coated over the silver. The reflectivity of SS-95 was excel-
to be extruded into a thin, flexible film. However, it is brittle andent at 96% but the optical durability, as shown in Fig. 9, was
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Fig. 8 % change from base-line 7 mm Specular reflectance at
660 nm (78%) of Alanod Miro /4270kk aluminized reflectors as a
function of APS, FLA, and NREL outdoor exposure and accel-
erated Ci65 exposure
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poor. The SS-95 reflector is also no longer commercially avail-
able.

A new polymeric solar reflective material has been developed
through collaborative research with ReflecTech that combines ex-
perience gained from the development of ECP-305 and SS-95.
This material possesses unique and desirable properties for solar
concentrators. It incorporates a unique ultraviolet screening con-
struction as part of the silvered reflective film. The ReflecTech
silvered film has an initial solar-weighted hemispherical reflec-
tance of 94% and a specular reflectance of 94% at 25 mrad (1.4°)
acceptance angle. The ReflechTech film can be supplied in roll
widths up to 1.2 m for less than $14mwith a removable cover
sheet to protect the film until final usage, and a pressure sensitive
adhesive protected by a release liner for application to smooth
nonporous surfaces.

A very small pilot run was made by ReflecTech on standard
commercial equipment; it demonstrated that all production steps
for the reflective film could be achieved using standard commer-
cial film converter equipment in widths up to 1.2 m. Real-time
outdoor weathering test&ig. 10 show that the pilot-run samples
have no significant loss in solar-weighted reflectance, although the
outdoor weathering period has spanned only 2.5 years at present.
Additionally, accelerated ACUVEX outdoor weathering tests are
near an 10 year equivalent time period, and they also show no
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Fig. 12 % change from base-line solar-weighted hemispheri-
Fig. 10 % change from base-line solar-weighted hemispheri- cal reflectance (96%) of SAIC ASRM construction with alumina
cal reflectance (93.5%) of ReflecTech Pilot-run and of Improved batch process deposition rate from 1 to 22.5 nm /s as a function

Commercial Prototype as a function of NREL and ACUVEX ®  of outdoor exposure at NREL
outdoor exposure and accelerated Ci65 exposure

o . . . reflective mirror(ASRM) have been produced both by batch and
significant loss in solar-weighted reflectance. The Arizona Deseintinuous roll-coating processes. The substrate materials investi-
Testing ACUVEX® uses reflected natural sunlight in Phoenix, Arigated were PET, PET laminated to stainless-steel foil, and
zona concentrated 7 to 8 times with a Fresnel-reflector acceleragpﬁiome_pmed carbon steel strip. The advantage of steel strip
outdoor weathering test machine where the samples are coole¢denpared to PET is that it withstands a higher process tempera-
near ambient conditions with a fan and are sprayed with deionizggte 'and potentially lowers the collector installation costs. Nine
water 8 min per natural sun hour per ASTM G90{a8]. How-  years ago, the alumina deposition rate was 1 nm/s, and four
ever, Ci65 resultgFig. 10 show significant reflectance loss eary5 > cnf samples could be produced in a single batch. The details
lier than had been anticipated. Historically, the degradatiqf tne sample production and testing have been reported previ-
mechanisms observed for polymeric reflectors by OET have begii|y[19]. An important aspect is the reactive gas used in the ion
replicated in the Ci65. The difference in performance between thgice. Alumina coatings crack when produced with oxygen, but
samples exposed in the Ci65 and the ACUVEMay indicate that o1 ymina coatings produced with a proprietary reactive gas do not
the Ci65 %ccelerate_s degradation mech_anlsms not _observed in k. Many samples prepared have maintained a kegivo
ACUVEX™ or the field. Improvements in the baseline construgyemispherical reflectance, even after 3600 h of accelerated expo-
tion have been explored, using the pilot-line coating equipment & testingri a 1 kWsolar simulator exposure chamber and 64
40 cm wide<9 m long rolls, and tested. Also, shown in Fig. 10, iSnonths of outdoor and accelerated Ci65 exposure testing.
the comparison between the early pilot-run version of the ReflecT-1,o goals have guided the technical wofl) To increase the
ech film and the prototype of the improved commercial ReflecTy,mina deposition rate to 30 nm/s, af@ to transition the IBAD
ech film. The more recent version appears to have further ifgrocess to a roll-coating format. The alumina deposition rate was
proved the durability of the reflective film. A pilot run of this;ncreased for batch samples from 1 to 22.5 nm/s. Samples pre-
improved commercial version is scheduled for July 2004. Ahared with properly optimized deposition parameters have main-
though the 10 year reflectance goal currently seems achievablgneq high hemispherical reflectance for 42 months of outdoor
the accelerated and real-time outdoor tests will be continued do,,syre at NREL. Funding constraints prevented optimization of
allow determination of the durability of this reflective material. ¢ deposition parameters at each incremental deposition rate.

3.5 Advanced Solar Reflective Mirror. Another promising Consequently, some of the samples had insufficient ion assist, and
low-cost reflector material for CSP generation has a silverdge outdoor reflector durability was poor for about half of the
specular substrate protected by an alumina,@4) coating sev- SamplesFig. 12). For example, in the 7 nm/s deposition rate case,
eral microns thickFig. 11). The alumina hard coat of these front-the samples had insufficient ion assist and the durability was un-
surface mirrors is deposited under high vacuum by ion-bearp@tisfactory. The alumina in the 11.5 nm/s and 22.5 nm/s samples

assisted-deposition(IBAD). Samples of this advanced solatV@s not completely oxidized, as indicated by the slightly brown
color, the lower hemispherical reflectance, and tensile cracks

formed because of excessive residual tensile stress. The alumina

A reflectors deposited at high deposition rates replicated the durabil-
=7 ity demonstrated when the alumina was deposited at 1 nm/s, but
qu durability was found to be extremely dependent on deposition
& v 4 conditions.

Samples were inadvertently exposed outdoors without edge
protection, a condition known to be extremely harsh. As a result
the samples with insufficient ion assist began to fail due to flaking

L L or 4- P ALO; around the edges. The flaking was particularly severe for the out-

door samples after snowstorms. The failure to provide edge pro-
tection was fortuitous, because comparisons between accelerated
and outdoor exposure tests indicate that this ASRM is more sus-
ceptible to weather conditions not simulated by NREL's standard
accelerated test protocdls.g., rain, sleet, and snowFig. 13. In
general, the performance of samples in accelerated exposure test-
Fig. 11 SAIC ASRM architecture ing is better than those exposed outdoors and is less dependent on

100-nm Ag
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Equivalent NREL Exposure Time [y) additional improvement because the samples degrade at unpro-

ap B 3 - ] 1 tected edges and at pinholes. For long-term durability, edge pro-
' ! ' tection will be necessary and durability could be improved by the
DTS SR R S e e e U addition of an adhesion-promoting layer between the silver and
f" ——APS alumina. The ASRM under development has the potential to de-
B s i T PR e (Sl I liver high performance for long lifetimes at a manufacturing cost
{ ; ' » [ 8 -NREL lower than $10.76 /&) but the deposition rate must be increased
15 f---- foeeeeee IR U SRS =tetv- [ to 30-50 nm/§21,22. Although thin oxide coatings are routinely
g f ] K ! : deposited at deposition rates greater than 100 nm/s, increasing the
£ 10 "“af -------- LI O L R Lo oo mimin = - deposition rate while maintaining the optimized IBAD deposition
- ‘{* : conditions could be difficult.
SN ZLCES SN P 4 Summary
o ago an Recently, environmental concerns have dictated two changes in
5 : — the traditional wet chemistry manufacturing process of glass mir-
Total W Dose [100x MJim’) rors, resulting in copper-free reflective mirrors and the use of lead-

free paints. Although some mirrors exposed outdoors do not yet
; 4 show degradation, other thick and thin glass mirrors exhibit deg-
cal reflectance (96%) of SAIC ASRM construction with 1.5 wm o 4440 (depending on their constructipafter 29 months of ac-
alumina deposited at 2 nm /s by batch process as a function of lerated Ci65 The Pilkinaton thick al d
APS, FLA, and NREL outdoor exposure and accelerated Ci65 celerated L1oo exposure. 1he Fiikington thick glass copper- an
exposure lead-free mirrors exhibit better optical durability than the Spanish
mirrors, and the Naugatuck thin-glass mirrors with no-lead paint
exhibit comparable durability to the mirrors with low-lead paint.

the optimization of deposition conditions. Compared to other solei'sﬂ addition, we have observed that the AET failure mechanisms
reflectors, the ASRM's performance with exposure is less depréj: glass mirrors replicate those observed in OET. Testing of these

Fig. 13 % change from base-line solar-weighted hemispheri-

dent on UV exposure and more dependent on the differirfj@SS mirrors will continue. Although glass mirrors with copper
ck layers and heavily leaded paints have historically been con-

weather conditions. ; .
A web-handling machine was incorporated into a high-vacuufiidéred robust outdoors, it cannot be assumed that the new copper-
nd lead-free silvered glass mirrors have same durability.

chamber, and the ASRM was deposited by roll coating with al& - ! X ; .
mina deposition rates as high as 20 nm/s. Deposition of the aIu-The currently available alternative solar mirrors |nclud_e.alum|-
mina is the most difficult step in the ASRM production and th ized, polymeric, and front surface reflectors. The aluminized re-
durability was previously found to be extremely dependent on t lectors require an overcoat to prevent degradation in industrial
IBAD deposition conditions. Consequently, the process pararﬁnd urban environments. Delamination of the protective overcoat
eters were varied during most of the roll-coated runs to explore®d resulting loss in specularity has lead Alanod to remove its
wider parameter space. Six deposition runs were performed usﬁﬂéar reflector frqm the markgt. In addition, for glumlnlzed reflec-
the roll coater with an alumina deposition rate of 10 nm/s. Mo&p's the OET failure mechanisms are not replicated nor acceler-
recently, the alumina deposition rate was increased to 20 nm/s Rd by N,RELS standard accelgrated test prptocolg. Improvements
16 roll-coated samples. It was considerably more difficult th&#{€ ©ndoing and further durability testing will continue. The new
expected to increase the deposition rate from 10 to 20 nm/s on ffi¥éred polymeric reflector developed jointly by NREL and Re-
laboratory-scale roll coater, and new technical challenges wéfgcTech has demonstrated extended durability and UV stability in
encounterefi20]. To date, the hemispherical reflectance durabilitf©th real-time and accelerated testing. For polymeric reflectors in
of some samples produced by roll coating is equivalent to samp&neral, the typical AET degradation mechanisms replicate those
produced by batch coatin@ig. 14). These results are preliminary,° served by OET. The ReflecTech material is commercially ready,

and durabiiity testing is ongoing. However, the reflector needdld is nearing the equivalent of 10 years of outdoor exposure by
ACUVEX, another few months of ACUVEX will indicate

whether the 10 year durability goal might be achieved. However,
the actual OET is only at 2.5 years and further testing will be

NREL E T > P A : X
2 xposu: me [y]‘ 5 ¢ heeded to determine its actual lifetime. The ASRM deposited with

s T 1, ' ; ; ' optimized ion assist conditions has also demonstrated extended
: i . . 3 accelerated and outdoor durability with more than five years of
b i s - B L —— e of HEREE A S real-time exposure. The durability of some of the ASRM samples
: ! : “S-DSIINEDH Snmis produced by roll coating at 20 nm/s is equivalent to samples pro-
o v R | eesuwEetioms | duced by batch coating. However, like the aluminized reflectors,
. 1 kb - ISAUGIEZ  Znmis accelerated tests do not seem to replicate or accelerate the degra-
dation mechanisms seen in outdoor exposure tests for the ASRM.

-------- The ASRM, although promising to meet the long-term goals,
needs additional improvements because the samples can degrade
at unprotected edges and pinholes, and the deposition rate must be
increased to meet the cost goals. Improvements are planned and
durability testing is ongoing.

Positive progress has been made to develop an advanced solar
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] reflector, but work has been severely limited due to a lack of
4 L : — funding during the last few years. Durability testing of the reflec-
Tetal UV Dose [100 x MJim’) tors supplied by industry is ongoing. An accelerated test that
Fig. 14 % change from base-line solar-weighted hemispheri- simulates a greater number of relevant outdoor conditions must be
cal reflectance (96%) of SAIC ASRM construction with alumina d_eveloped, particularly for the front-surfa_ce reflectrs., alumi-
roll-coated deposition rate of 5, 10, and 20 nm /s and batch-  hized reflector and ASRM The glass mirrors, ReflecTech, and
coated deposition rate of 1 nm /s as a function of outdoor ex- ASRM may meet the 10 year lifetime goals based on accelerated
posure at NREL exposure testing. However, predicting an outdoor lifetime based

268 / Vol. 127, MAY 2005 Transactions of the ASME



on accelerated exposure testing is risky and can only be attempted Solar Reflector Materials Exposed to Environmental StressBsiability
if the test accelerates the same failure mechanisms identified by esting of Nonmetallic Materials, ASTM STP 12@dited by Robert J. Her-

. L . ling, American Society for Testing and Materials, Philadelphia, PA.
outdoor testing. At this time, because the production of all sOlar[B] Schweig, B., 1973Mirrors: A Guide to the Manufacture of Mirrors and Re-

reflectors has recently changed considerably, none of the solar flecting SurfacesPelham Books, London, England, pp. 23—45.
reflectors available have been tested long enough to demonstrafgl Sinko, J., Private Communication, Wayne Pigment Corp., Milwaukee, WI,

the 10 year or more aggressive 20 year lifetime goal, outdoors jn _ April 27, 2001. A
real-time 10] Servais, A., et al., U.S. Patent No. 5,240,776, August 31, ;993; Servais, A.,
' et al., U.S. Patent No. 5,296,297, March 22, 1994; Servais, A., et al., U.S.
Patent No. 5,374,451, December 20, 1994.
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