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EXECUTIVE SUMMARY 

This joint PNL and JPL study is an assessment and comparison of the 

effects of outdoor exposure on solar mirrors and transparent encapsulant 
materials. The encapsulant materials tested included glasses, polymers 
and silicones. Samples of the materials were placed on stationary 
exposure racks in six locations that represented urban, desert, oceanside 
and high altitude mountain areas. Samples were removed periodically and 
sent to PNL for optical characterizations. The spectral hemispherical 
and diffuse reflectance of the mirror samples was measured. The 
spectral hemispherical transmittance and diffuse reflectance of the 

encapsulant materials was measured. In addition JPL measured the "rela
tive normal hemispherical transmittance" of the encapsulant materials. 

Correlations between the glass and mirror data showed that the 
average diffuse reflectance losses were six times larger for the 
mirrors than for the glass samples. The average specular reflectance 

losses for the mirror samples were seven times as large as the 
average hemispherical transmittance losses for the glass samples. These 
correlations may enable one to predict the performance of mirrors made 

using the other encapsulant materials for superstrates. 

It was found that the urban and oceanside sites were the dirtiest, 
while the desert and mountain sites were the cleanest. Average specular 
reflectance losses varied from 4% at the cleanest site to 50% at the 
dirtiest site. The range in hemispherical transmittance losses for the 

encapsulant materials varied between 0% and 6%. At one site, the average 
daily specular reflectance losses were .04% for the mirror samples and 

average daily hemispherical transmittance losses were about .01% for the 
glass samples. The polymer materials degraded somewhat more rapidly 
than the glasses, and the silicones irreversibly degraded too rapidly 
and severely to be useful for either photovoltaic or solar thermal 

applications. 
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INTRODUCTION 

The Pacific Northwest Laboratory (PNL) the and Jet Propulsion 

Laboratory (JPL) conducted a joint study on the effects of outdoor 

exposure on the optical properties of some transparent encapsulant and 

reflector materials. JPL performed exposure testing on stationary racks 

located at several different sites as part of their Low-Cost Solar Array 

(LSA) photovoltaic program. PNL provided the mirror samples and did the 

optical characterizations in support of the solar thermal Research and 

Advanced Development (RAD) program. Average degradation rates were 

calculated. Linear regression analysis was performed on the data to 

determine average daily degradation rates for each material at each 

site. The data was also analyzed to determine the range of degrada

tion between the cleanest and dirtiest sites. 

One purpose of the study was to determine correlations between the 

glass encapsulant materials and the mirror optical degradation data. 

If these correlations could be extended to the other encapsulant 

materials tested, predictions could be made about the performance of 

mirrors constructed using the different encapsulant materials as super

strates. Correlations were also sought between the different measure

ment techniques to determine which measurements were most useful in 

predicting the end use performance of the materials. 

EXPERIMENTAL PROCEDURE 

MATERIALS TESTED 

The mirrors used in the exposure tests were standard industry wet

chemistry second surface silvered float glass with PPG grey paint backing. 

The encapsulant materials tested included three different glasses, two 

polymers and two silicones. A detailed description of the materials is 

supplied in Table 1. Samples of each material were cut into .05 m x .05 m 

(2 in. x 2 in.) square coupons for deployment on the exposure racks. 

l 



TABLE 1. Materials Deployed at the 
Outdoor Exposure Test Sites 

Mirrors: 
Second surface silvered soda lime 
silicate float glass with grey paint 
backing. 

Glasses: 
Soda lime silicate float glass 
CGW 7070 and 7809 borosilicate glass 

CGW 0317 aluminosilicate glass 

Polymers: 
DuPont Tedlar polyvinylfluoride 
XCEL Korad 212 acrylic 

Silicones: 
G.E RTV-615 silicone rubber 
D.C. Ql-2577 hardcoat silicone on 

CGW 7070 borosilicate glass substrate 
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It was quickly discovered that both of the silicone materials 
irreversibly degraded too rapidly to be useful for either photovoltaic 
or solar thermal applications. Therefore, no analysis of the silicone 
materials is presented in this report. 

EXPOSURE RACKS 

Special racks were constructed by JPL for sample deployment at all 
the sites. The racks were constructed of stainless steel coated with a 

black epoxy paint. Stainless steel strips were bolted to the racks. 
Samples were placed between the stainless steel strips, which were then 
tightened so that the samples were held securely in place. A sample 
rack containing coupons is shown in Figure 1. The polymer samples were 

too thin to be held in place by the stainless steel strips. These 
samples were put in polymer slide holders, which could be secured in the 
racks. Rain channels were constructed between each row of samples to 
direct rain water to the side of the rack. In this manner, samples in 

lower rows were not contaminated by dirt washed off the samples above 
them. 

The racks were deployed at each site so that the samples faced to the 
south. The racks were tilted at a 45° angle. A sample of each material was 
removed periodically and sent to PNL and JPL for evaluation. Two studies 

were done at every site except Richland, Washington. In the first study, 
only encapsulant materials were exposed, and samples were collected once a 
month. In the second study both encapsulant and reflector materials were 
deployed. Samples were collected about every three months and evaluated. 

EXPOSURE TEST SITES 

JPL deployed sample racks throughout the United States as a part of 

their LSA project. Six sites were chosen for consideration in this report. 
The map in Figure 2 shows the location of the sites. The sites chosen 
represented urban areas (Pasadena and Torrance, CA); desert regions 

(Richland, WA and Goldstone, CA); high altitude mountains (Table 

Mountain, CA); and an oceanside location (Point Vicente, CA). More 
complete descriptions of each.site can be found in Appendix A. 
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FIGURE 1. Photograph Showing the JPL Exposure Rack 
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OPTICAL MEASUREMENTS 

The sample coupons were sent to PNL for optical characterizations. 

Spectral hemispherical and diffuse reflectance measurements were performed 

on the mirror samples. Spectral hemispherical transmittance and diffuse 

reflectance measurements were performed on the encapsulant materials. 

All the measurements were done over the wavelength interval 300-2500 nm 

using a Beckman 5270 spectrophotometer with a 15 cm (6 in.) integrating 

sphere. The accuracy of the measurements is believed to be .:!:_.005 

reflectance units and +.010 transmittance units. The spectral data was 

weighted to the NASA AM l.5(l) terrestrial solar spectral irradiance 

distribution (TSSID) using a best fit approximation routine to obtain 

the solar reflectance and transmittance. The result of this calculation 

is a single number between O and 1.000 (called the solar weighted 

reflectance or transmittance) that characterizes the entire spectral 

scan. The solar weighted value represents the fraction of solar energy 

reflected from or transmitted through the sample. 

Typical spectral reflectance and transmittance curves are shown for 

each material in Figures 3 through 9. In each figure, the curves for a 

clean, unweathered sample and a heavily soiled sample are plotted to 

illustrate some extreme changes in the optical performance that can occur. 

For all the materials, the hemispherical transmittances (TH) and reflect

ances (RH) decrease while the diffuse reflectances (R0) increase after 

weathering. The decreases in the hemispherical transmittances and 

reflectances are usually greatest in the ultraviolet-visible portion of 

the spectra (300-750 nm). 

Samples were measured before (Ri, Ti) and after (Rf, Tf) outdoor exposure. 

For the encapsulant materials, the changes in the transmittance and diffuse 

reflectance values (i.e., the difference (6TH and -6R0) between the weathered 

sample and clean sample values) were plotted as a function of exposure time. 

In a similar manner, the changes in hemispherical, diffuse and specular 

reflectance were plotted for the mirror data. The change in hemispherical 

reflectance (6RH) indicates the absorption of the dust layer. The change 

in diffuse reflectance (-6R0) shows the losses due to scattering. The 

sum of the hemispherical and diffuse reflectance losses equals the total 

specular loss for the mirror samples (6Rs = 6RH - 6R0). 
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Spectral Reflectance and Transmittance Curves and Solar Weighted 
Values for Soda Lime Silicate Float Glass (weathered 430 days) 
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Spectral Reflectance and Transmittance Curves and Solar Weighted 
Values for Aluminosilicate Glass (CGW-0317) (weathered 130 days) 
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In addition to the optical characterizations performed by PNL, JPL 

monitored the optical transmission of the encapsulant materials using 

their 11 relative normal hemispherical transmittance 11 measurement apparatus. (2) 

The weathered coupon and a coupon of the same material that has not been 

weathered are placed over two matched solar cells. The two cells are 

illuminated, and the ratio of the two short-circuit currents is recorded. 

This ratio is called the relative normal hemispherical transmittance 

(RNHT) and is a measure of the change in transmittance of the weathered 

material. 

METHODS OF DATA ANALYSIS 

For the mirror samples, changes in hemispherical, diffuse and specular 

reflectance data (LRH, -6R0, and LRs) were plotted as a function of exposure 

time for each site. For the encapsulant materials, changes in transmittance 

(6TH) and diffuse reflectance (-6R0) were plotted. The average losses 

(6Rs, 6TH, etc.) were calculated for each site and are presented in tabular 

form. For the glass and mirror data, ratios of the average losses (i.e., 

6Rs/6RH, 6TH/6R0 etc.) were calculated to determine if correlations existed 

between the glass and mirror data. These correlations could be used to 

predict the performance of the other encapsulatnt materials used as super

strates for mirrors. 

A linear regression analysis was performed to calculate the average 

daily losses for each material at each site. The analysis calculates the 

best fit straight line through the data. This line is represented by the 

equation: 

y =ax+ b (1) 

where the slope is given by 
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LX; LY; 
LX;Yi - n 

a = 2 ( LX
1
.) 

2 
LX- -, ---

(2) 

n 

and the intercept is given by 

b LY· aLX. = , , ---- (3) 
n n 

Here the slope represents the average degradation rate. Since other studies( 3) 

have shown that the degradation rates may be significantly larger for the 

initial exposure period, the analysis was performed over the entire data set 

and over the data set after the first 45 days of exposure. 

Correlation coefficients can be calculated using the following 

relationship: 

LX·Y· 
2 

LX.y. 
, , 

r2 
-, , n 

= 
(LY; )2 LX. 2 - (LX; )2 

LY· 
2 -, , 

n n 

The correlation coefficient is a number between O and 1. It is a measure 

of how closely the experimental data fits the line generated by the linear 

regression analysis. If r2 
= 1, the data is a perfect fit to the regression 

line. For the purposes of this study, the average daily degradation rates 

are considered reliable if the associated correlation coefficient is greater 

than 0.5. 

The data was examined for site specific variations that would help 

distinguish between the cleanest and dirtiest sites. Results for each 

measurement were analyzed to determine which specific measurements gave 

the most representative information about the material performance. 

Data from the first-year study was used to confirm trends noted in the 

second-year study. 
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RESULTS AND DISCUSSION 

MIRROR AND GLASS DATA 

The solar weighted optical loss data is plotted as a function of 

exposure time for the soda lime silicate glass and mirrors in Appendix B. 

In many cases, the variation between successive data points is large. The 

widely scattered data swamps any readily discernible average trends. 

The average optical losses and the standard deviation in the data 

for each site are summarized in Table 2. For the mirror coupons, the 

average specular reflectance losses varied between 4% (Table Mountain 

site) and 50% (Torrance site). For the glass samples, the average 

hemispherical transmittance losses varied between 0% (Table Mountain 

site) and 5% (Torrance site). Similar average losses occurred in the 

diffuse reflectance measurernets. The average RNHT losses varied between 

1% (Table Mountain) and 9% (Pasadena). 

It is easy to differentiate between the sites on the basis of the 

mirror data since the range in average optical losses was large. It 

is more difficult to distinguish between the sites on the basis of the 

glass data, since the ~TH data varied at most between O and 10%. The 

standard deviations were large enough to make absolute determinations of 

cleanest and dirtiest sites difficult, but some generalizations can be 

made. The urban and oceanside sites were the dirtiest (Torrance, Pasadena 

and Point Vicente). The Richland Desert site appeared to be somewhat 

cleaner. The Goldstone desert site and the Table Mountain site were by 

far the cleanest locations. 

The ratios of the various optical losses were calculated for each 

site and then averaged to determine if any meaningful correlations between 

the measurements existed. With the exception of Table Mountain, these 

ratios were surprisingly consistent. The ratios for the Table Mountain 

site often varied wildly from the other sites. Since this was a very clean 

site, changes in the optical losses were small. These small differences 

impact greatly the calculated ratios. 
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TABLE 2. Average Solar Weighted Optical Losses at Each Site for 
Soda Lime Silicate Float Glass and Mirrors. 
Second Year Data (1980-1981). 

Mirrors Soda Lime Silicate Float Glass 

ti'RH 
{Absolute Units) (Absolute Units) 

Site -L'iRD L'iRs L'iT H -L'iRD L'iRNHT* 

Torrance -.2 + .1 -.3 + .1 -.5 + .2 -.05 + .03 -.04 + .02 -.08 + .05 -

Pasadena - .10 + . 03 - .18 + . 04 -.3 + .1 -.06 + .02 -.03 + .01 -.09 + .03 - - -
I-' 

Point Vicente -.07 + .03 -.19 + .09 ....... -.3 + .1 -.05 + .02 -.04 + .02 -.02 + .02 - -

Richland -.04 + .02 -.16 + .08 -.2 + .1 -.03 + .03 -.03 + .02 -.02 + .01 - -

Goldstone -.02 + .01 -.06 + .03 -.08 + .04 - . 01 + . 01 -.01 + .003 -.02 + .01 -

Table Mountain -.01 + .01 -.03 + .01 -.04 + .02 -.002 + .002 -.01 + .01 -.01 + .01 

*Relative normal hemispherical transmittance 



It was discovered that average diffuse reflectance losses in the 

mirror samples were about six times as great as the average diffuse reflect

ance losses for the glass samples: 

~ (mirror) = 

-tiR0 (glass) 
6 + 1 (Table Mountain data excluded) 

It was also found that the average specular reflectance losses for the 

mirror samples were about seven times as large as the average hemispherical 

transmittance losses for the glass samples: 

6Rs (mirror) 
-=---.~-""T- = 7 ±. 2 (Table Mountain data excluded) 
6TH (glass) 

For all the other mirror/glass ratios, standard deviations were so large 

that no meaningful relationships could be determined. 

For the mirror data alone, it was found that the ratio of specular to 

hemispherical reflectance losses was approximately 4:1, and the ratio of 

diffuse to hemispherical reflectance losses was about 3:1. 

6Rs (mirror) 
(mirror) = 4 + 1 

6RH 

-tiR0 (mirror) 

6RH (mirror) = 3 + 1 

For the glass data the ratio of hemispherical transmittance losses to 

diffuse reflectance losses was nearly 1:1. 

6TH (glass) 
----:=--"""T--=---...-- = 1 . 3 + . 4 -tiR0 (glass) 

No meaningful relationships were found between the RNHT losses and any 

of the other measurements. 
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The results from linear regression analysis of the second year data 
are shown in Tables 3 and 4. Since the correlation coefficients were small 
in most cases, the degradation rates are not very useful. An exception 
was the data from the Richland site. This data had correlation coefficients 
of .8 and .9. Specular reflectance degradation rates were .04%/day for 
the mirror samples. For the glass samples, hemispherical transmittance 
and diffuse reflectance degradation rates were approximately .01%/day. 

GLASS AND POLYMER DATA 

Optical loss curves for the first and second year studies of the 
glass and polymer samples are shown in Appendix C and D. The average 
solar weighted optical losses are shown for each site in Tables 5 
through 8. 

Looking at the second year data for the glass samples in Table 5, 
it is difficult to discern meaningful differences between the four glass 
types. From site to site, the average hemispherical transmittance 
losses varied between O and 7%, and the average diffuse reflectance 
losses varied between O and 4%. The large standard deviations make 
any differences between the glasses ambiguous. The borosilicate (CGW-7070) 
glass may have performed slightly better on the average. The first year 
data in Table 6 shows the same general trends as the second year data. 
The magnitude of the losses was comparable for the two studies. 

Again, the correlation coefficients were very small for most of the 
linear regression analysis. The Richland data was again the exception, 
with correlation coefficients of 0.6 to 0.9. For all the glasses, the daily 
degradation rates for both transmittance and diffuse reflectance was 
approximately .01%/day (calculated over the entire curve). Similar 
rates were found when the analysis was done on the data after the first 
45 days of exposure. 

It was difficult to distinguish between the two polymer materials 
on the basis of the hemispherical transmittance losses. But the diffuse 
reflectance losses are smaller for the polyvinylfluoride (Tedlar) samples, 
as seen in Tables 7 and 8. Of more significance is the fact that the 
ratio of the average hemispherical transmittance to diffuse reflectance 
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TABLE 3. Daily Degradation Rates and Correlation Coefficients (in parentheses) 
as Calculated by a Linear Regression Analysis for the Entire Exposure 
Period for Soda Lime Silicate Float Glass and Mirror Samples. 
Second Year Data (1980-1981). 

Mirrors Soda Lime Silicate Float Glass 
{Absolute Units) Absolute Units) 

Site liRH/ dat_ -liRD/ day liRS/day liTH/daj'. -liRD/daj'. 6RNHT/dat 

Torrance -.00002 -.00004 -.00002 -.0001 -.00007 -.00006 
( .001) (. 002) {O) ( . 3) (. 3) (.02) 

N Pasadena -.0002 -.0002 -.0004 -.0001 -.00005 -.00009 0 
(. 16) (. 14) (. 2) ( . 2) (. 2) (. 3) 

Point Vicente -.00005 -.00007 -.0001 -.0002 -.0001 -.00008 
(.05) (. 01) (. 02) (. 5) (. 6) (. 3) 

Richland -.0001 -.0004 -.0004 -.0001 -.00008 -.00006 
(. 9) (. 9) (. 8) (. 8) (. 9) (. 8) 

Goldstone -.00003 0 -.00003 -.00004 -.00003 -.00009 
(. 2) (0) (.01) (. 2) (. 7) (. 9) 

Table Mountain -.00002 -.00007 -.0001 0 - .00001 -.00005 
(. 3) (. 4) (. 4) (. 004) (.03) (. 9) 



TABLE 4. Daily Degradation Rates and Correlation Coefficients (in parentheses) 
as Calculated by a Linear Regression Analysis After the First 45 Days 
of Exposure for Soda Lime Silicate Float Glass and Mirror Samples. 
Second Year Data (1980-1981). 

Mirrors Soda Lime Silicate Float Glass 
{Absolute Units) Absolute Units) 

Site tiRH/da.Y_ -tiRD/ day tiRS/day tiT H/day -tiRD/day tiRNHT/day* 

Torrance +.0007 +.0006 +.001 -.00001 -.00001 +.0002 
( . 6) (. 4) (. 5) ( . 001) (. 004) ( . 2) 

Pasadena +.0002 +.0003 +.0005 -.0001 -.00006 -.0001 
(. 3) (. 9) (. 7) (. 3) (. 4) (. 3) 

N 
I-' 

Point Vicente +.00002 +.0001 +.0001 -.0001 -.00007 -.00004 
(. 05) (. 03) (.02) ( . 2) (. 3) (. 06) 

Richland -.00008 -.0003 -.0003 -.0001 -.00007 -.00005 
(. 8) (. 8) (. 7) (. 8) (. 8) (. 5) 

Goldstone -.00003 +.00003 +.00004 -.00002 -.00002 -.00009 
(. 5) (. 02) (0) (. 08) (. 4) (. 8) 

Table Mountain -.00001 -.00003 -.00004 +.00001 +.00005 -.00005 
(. 02) (. 07) (. 06) (. 7) ( . 9) (. 8) 

*Relative normal hemispherical transmittance 



TABLE 5. Average Solar Weighted Optical Losses for Glasses 
Second Year Data (1980-1981) 

Soda Lime Silicate Aluminosilicate Borosilicate (7070} Borosilicate (7809) 

Site l'IT H -l'IRD l'IT H -l'IRD l'ITH -l'IRD l'ITH -l'IRD 

Torrance -.05 + .03 -.04 .:!:. .02 -.07 + .04 -.03 + .02 -.05 + .03 -.03 + .01 - .06 + . 03 -.04 + .01 

N 
N Pasadena -.06 + .02 -.03 + .01 -.05 + .01 -.03 + .01 -.03 + .02 -.02 + .01 -.03 + .01 -.02 + .001 

Point Vicente - . 05 + . 02 -.04 .:!:. .02 - . 04 + . 02 -.03 + .01 -.03 + .02 -.02 + .01 - . 04 + . 02 -.03 + .01 

Richland - . 03 + . 03 -.03 + .02 -.05 + .05 -.03 + .02 -.03 + .04 -.03 + .02 

Goldstone -.01 + .01 -.01 .:!:. .003 -.02 + .004 -.01 + .004 -.004 + .003 -.007 + .001 -.01 + .01 -.007 + .003 

Table t•lountain -.002 + .002 -.01 + .01 -.01 + .01 -.009 + .005 -.002 + .002 -.009 .:!:_ .004 -.01 + .01 -.009 + .004 



TABLE 6. Average Solar Weighted Optical Losses for Glasses 
First Year Data (1979-1980) 

Soda Lime Silicate Al umi nos il i cate Borosilicate (7070) 

Site 6TH -6R0 6TH -6R0 6TH -6R0 
N 
w 

Torrance -.07 + .04 -.04 + .02 -.07 + .04 -.04 + .02 -.07 + .06 -.03 + .02 

Pasadena -.06 + .03 - . 04 + . 01 -.05 + .02 -.04 + .02 -.04 + .02 -.03 + .02 -

Point Vicente -.04 + .02 -.04 + .02 -.06 + .03 -.03 + .02 -.03 + .02 -.03 + .02 



TABLE 7. Average Solar ~Jeighted Optical Losses for Polymers 
Second Year Data (1980-1981) 

Polyvinyl fluoride Acrylic 
- -

{Tedlar) ( Ko rad) 

Site t-T H -t-RD t-TH -t-RD 

Torrance -.09 + .04 -.03 + .01 - . 11 + . 04 -.06 + .02 -
N 
~ 

Pasadena - .11 + . 04 -.02 + .01 - . 11 + . 02 -.04 + .01 
- - -

Point Vicente -.05 + .02 -.02 + .01 -.06 + .03 -.06 + .02 - -

Richland -.02 + .002 -.004 + .003 -.03 + .01 -.03 + .02 
- -

Goldstone -.02 + .002 -.004 + .003 -.03 + .01 -.03 + .02 

Table Mountain - .03 + .001 -.009 + .002 -.03 + .01 -.03 + .02 



N 
u, 

Site 

Torrance 

Pasadena 

TABLE 8. Average Solar \/eighted Optical Losses for Polymers 
First Year Data (1979-1980) 

Polyvinyl fluoride Acrylic 
(Tedlar) ( Ko rad) 

6TH -6R0 6TH -6R0 

- .11 + . 06 -.03 + .02 - .10 + . 05 -.05 + .02 - -

-.09 + .04 -.02 + .01 -.07 + .03 -.06 + .02 
- -

Point Vicente -.06 + .03 -.03 + .01 -.05 + .03 -.05 + .02 



losses is quite different for the two polymers. For both the first and 

second year data, the ratio is approximately 4:1 for the polyvinylfluoride, 

but is only about 1:1 for the acrylic. 

Polyvinylfluoride: 
(Tedlar) 

Acrylic: 
(Korad) 

6TH _ 
-6RD - 1. 4 + . 7 

This ratio for the acrylic material is about the same magnitude as 

the same ratio for the glass data, but this ratio for the polyvinylfluoride 

material is much larger. The reason for this is unknown. 

Again, the linear regression analysis was only meaningful for the 

Richland data. Daily degradation rates for the acrylic (Korad) material 

were approximately .01%/day for both the diffuse reflectance and hemis

pherical transmittance losses. The daily degradation rate for the hemis

pherical transmittance of the polyvinylfluoride (Tedlar) was also about 

.01%/day. But, the diffuse reflectance for the polyvinylfluoride was 

an exception; having a much smaller daily degradation rate of .003%/day. 

CONCLUSIONS 

Analysis of the glass and mirror data revealed some interesting 

correlations. The average diffuse reflectance losses for the mirrors were 

six times larger than the average diffuse reflectance losses for the glass 

samples. The average specular reflectance losses for the mirror samples 

were seven times as large as the average hemispherical transmittance 

losses for the corresponding glass samples. 

In addition to correlations between the mirror and glass data, several 

correlations were found within the glass and mirror measurements. Average 

specular reflectance losses were four times as large as average hemispheri

cal reflectance losses for the mirrors. Average diffuse reflectance 
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losses were three times as large as the average hemispherical reflectance 
losses for the mirror samples. For the glass samples, average 
hemispherical transmittance losses were slightly greater than average 
diffuse reflectance losses. No strong correlations were found between 
the RNHT measurements and any of the other measurements performed. 

Average daily degradation rates were calculated using linear 
regression analysis for all the sites, but only the data from the Richland 
site had high enough correlation coefficients to be considered predictable. 
For the Richland site, the average daily specular reflectance loss was .04% 
for the mirror samples. The average daily diffuse reflectance and hemi
spherical transmittance losses were .01% for the glass samples. 

The range of average specular reflectance losses for the mirrors 
varied from 4% at the Table Mountain site, to 50% at the Torrance site. 
The range of hemispherical transmittance losses varied between 0% for the 
Table Mountain site, and 6% at the Pasadena site. Because of the 
magnitude of the standard deviation in the average loss data, it was 
difficult to determine an absolute ranking from dirtiest to cleanest 
for the sites. In general, the Torrance and Pasadena urban sites and the 
Point Vicente oceanside site were the dirtiest. The Goldstone desert 
site and the Table Mountain mountain site were cleanest. The Richland 
site was in between. 

Comparisons between the glass and polymer data were also performed. 
It was difficult to distinguish between the performance of the glasses, 
again due to the scatter in the average loss data. The borosilicate 
(CGW-7070) glass may have shown slightly less degradation. The site to 
site range in average hemispherical transmittance losses for the 
glasses was 0-7%, while the range for average losses in diffuse reflectance 
was between O and 4%. Again, only the Richland data provided valid daily 
degradation rates. Average daily ~asses at Richland for both hemispherical 
transmittance and diffuse reflectance were .01%/day. 
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In general, the polymer materials were dirtier than the glass materials. 

The average hemispherical transmittance losses were about the same for the 

polyvinylfluoride and the acrylic. But the diffuse reflectance losses were 
smaller for the polyvinylfluoride material. The ratio of average hemispheri
cal transmittance loss to average diffuse reflectance loss was approximately 

1:1 for the acrylic, but was nearly 4:1 for the polyvinylfluoride. From the 

Richland data, average daily degradation rates were approximately .01%/day 

for all the polymer measurements except the average change in diffuse reflect

ance for the polyvinylfluoride, whose daily degradation rate was .003%. The 

first year data verified the second year data in both general trends and 

absolute magnitude of the losses. 

One recommendation for future studies of this type would be to take 

data more frequently--at least once a week. It has been found that daily 

degradation rates are much larger for the initial weathering period at 
some sites. By taking more frequent data, information about short term 

degradation rates can also be determined. 
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APPENDIX A 

DESCRIPTIONS OF EXPOSURE TEST SITES 

Torrance: Located on corner of Imperial Highway and La Cienega Boulevard 

in metropolitan Los Angeles. 

Rack is mounted on top of one story building facing South to a parking 

lot near the flight path of LAX Airport to the North and the San 

Diego Freeway (405) 1/2 block to the East. 

Plant life:· Several large trees in the area but not within 75 feet of 

panel. 
Soil: Parking lot to the South, asphalt streets to the West and North. 

Buildings and Freeway to the East. 

Elevation: 75 ft. above sea level. 

Weather conditions: Moderate to heavy rains (winter season), moderate winds. 

Pasadena: Located in Pasadena, CA, 2 blocks South of 210 (Foothill) 

Freeway, Central Pasadena. South facing rack mounted on top of one 

story building facing parking lot and three story apartment building 

about 100 ft. away. 

Plant life: Several large trees, general industrial area and business 

offices. 

Soil: Parking lot to South, streets to the North, East and West. 

Elevation: 867 ft. above sea level. 

Weather: Moderate rains (winter season), occassional light to heavy winds. 

Point Vicente: Located in Palos Verdes at U.S. Coast Guard station. 

Rack is 10 feet from edge of 100 foot cliff facing South to Pacific 

Ocean. 
Plant life: Iceplant, wild grass, weeds. 

Soil: Rocks, loamy, moving soil condition. 

Elevation: 100 ft. above sea level. 

Weather conditions: High winds, heavy rains (winter season). 
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Richland: Located on the Hanford reservation 5 miles north of Richland, WA. 

Rack is in desert location facing South. 
Plant life: Tumbleweeds, sagebrush and grasses. 
Soil: Sand, small rocks. 
Elevation: 400 ft. above sea level. 
Weather conditions: Hot, dry summers, high winds, dust storms. 

Goldstone: Located in Central Mojave desert of California 58 miles 
north of Barstow. Rack is in desert locale facing South to gradual 

up hill slope. 
Plant life: Tumbleweeds, coyote bush, Yucca trees. 

Soil: Sand, rocks, small stones. 
Elevation: 2200 ft. above sea level. 
Weather conditions: Flash flooding, heavy rains, high winds, occassional 

snow. 

Table Mountain: Located near the city of vJrightwood in Big Pines area U.S. 
Forestry service property. Rack is 15 ft. from edge of 200 ft. South 

facing cliff (sloping). 
Plant life: Pine trees, wild shrub, weeds. 
Soil: Rocks, sand, sliding soil. 
Elevation: 7500 ft. above sea level. 
Weather conditions: Snow, high winds, heavy rains. 

NOTE: California site descriptions courtesy of W. Neiderheiser, JPL. 
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APPENDIX B 

SODA LIME SILICATE GLASS 
MIRROR AND ENCAPSULANT DATA 
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APPENDIX C 

GLASS AND POLYMER ENCAPSULANT DATA 
SECOND YEAR STUDY 
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