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A B S T R A C T 

The optical performance of poly(methyl methacrylate) lenses from veteran concentrator photovoltaic modules 
was examined after the end of their service life. Lenses from the Martin-Marietta and Intersol module designs 
were examined from the "Solar Village" site near Riyadh, Saudi Arabia, as well as the Phoenix Sky Harbor 
airport, followed by the Arizona Public Service Solar Test and Research (APS-STaR) center in Tempe, Arizona. 
The various lens specimens were deployed for 20, 27, and 22 years, respectively. Optical characterizations 
included lens efficiency (Solar Simulator instrument), material transmittance and haze (of coupons cut from 
veteran lenses, then measured again after their faceted back surface was polished, and then measured again 
after the incident front surface was polished), and direct transmittance (as a function of detector's acceptance 
angle, using the Very Low Angular Beam Spread ("VLABS") instrument). Lens efficiency measurements 
compared the central region to the entire lens, also using hot and cold mirror measurements to diagnose 
differences in performance. A series of subsequent characterizations was performed because a decrease in 
performance of greater than 10% was observed for some of the veteran lenses. The optimal focal distance of the 
lenses was quantified using the Solar Simulator, and then correlated to lens curvature using a recently developed 
measurement technique. Surface roughness was examined using atomic force microscopy and scanning electron 
microscopy. Facet geometry (tip and valley radius) was quantified on cross-sectioned specimens. Molecular 
weight was compared between the incident and faceted surfaces of the lenses. 

1. Introduction 

1.1. Motivation 

Concentrator photovoltaic (CPV) systems may use a refractive 
optical component, such as a Fresnel lens, to focus the direct solar 
flux onto a photovoltaic (PV) cell [1]. CPV uses high-efficiency cells and 
reduces cost by replacing large-area solar cells with less-expensive 
optical components. To realize a low levelized cost of electricity, the 
optical components must provide good performance over the desired 
service life of at least 25 years. Although the advancement of high-
efficiency PV cells (such as multijunction III-V technology) has recently 
motivated interest in CPV, an understanding of the reliability of the 
optical components remains limited. 

Many of the recently proposed CPV systems use a Fresnel lens. This 
may consist of a monolithically constructed lens composed of poly(-
methyl methacrylate) (PMMA), a silicone-on-glass (SoG) laminated 
composite, or a PMMA-on-glass (PoG) laminated composite [2]. 
Factors including weight, optical performance [3], and attachment of 
the lens affect the CPV module design and its subsequent cost. A strong 
motivation therefore exists for selecting the appropriate type(s) of lens 
suitable for extended outdoor deployment. 

1.2. Literature review: veteran CPV installations 

Recent studies of the durability of CPV lens technology include 
Refs. [4-7], and the subject has been reviewed in Refs. [2,8]. Relevant 
topics include the degradation of the component material(s), chemical 



corrosion, mechanical fracture, mechanical fatigue, delamination, 
physical aging (visco-elastic flow and shape change), solid erosion 
(abrasion and wear) of the field-exposed surface, soiling (the accumu
lation of airborne contamination), and solarization (change in the 
optical performance based on the redox balance within glass) [2]. 
Material degradation may occur as the result of ultraviolet (UV) 
radiation, temperature, and/or moisture. Chemical corrosion may 
occur as the result of airborne species, including: acidic (or basic) 
rain, industrial chemicals, or ozone. Many of the durability studies in 
the literature focus on material-specific issues, especially optical 
performance. 

Regarding the literature, one topic that remains relatively unex
plored is the performance and characteristics of lenses from veteran 
sites. The "Solar Village" site near Riyadh, Saudi Arabia, was originally 
built under the Solar Energy Research American Saudi ("SolERAS") 
program to power the three rural villages of Al-Hajrah, Al-Uyaynah, 
and Al-Jubaiah [11-25]. Of the aforementioned literature, Refs. 
[16,22,23] give a comprehensive description of the project history, 
including the operation, performance, reliability, and subsequent 
modifications to the system. The Solar Village site was the world's first 
large CPV system—ultimately including 350 kW of Martin-Marietta 
(M-M) Corporation CPV modules, 1.6 MW h of lead-acid batteries, and 
four 250-kVA standby diesel generators. The history of the system 
includes a variety of operating configurations, including: when it was 
first commissioned as a stand-alone power plant in November 1981; 
then connected to the Saudi national grid in September 1984; and then 
incorporated into the King Abdulaziz City for Science and Technology 
(KACST) in 1986. The system consisted of eight sub-fields of twenty 2-
axis trackers, with 64 lens parquets per tracker (10,240 total lenses, 
from the four lens parquets). The trackers were automatically stowed 
(face down): from sunset to sunrise, on rainy days, and during dust 
storms. The modules were cleaned monthly using pressurized deio-
nized water (with no physical contact) (first three years), then cleaned 
quarterly after the Solar Village system was connected to the grid. The 
majority of the system was stowed face down in 2001, upon achieving 
its designated 20-year operating life. In addition to the lenses on the 
trackers, palletized parquets were stored outside (out of the direct 
sunlight) at the Solar Village site. 

A photograph of the system during its operation is provided in 
Fig. 1(a); see also Ref. [18]. An example M-M module is shown in 
Fig. 1(b). The module in Fig. 1(b) was operated on a tracker at the 
National Renewable Energy Laboratory (NREL) in Golden, Colorado, 
for 1-2 years, prior to being stored in a warehouse. Dimples in the 
surface of the lens maybe observed in the inset of Fig. 1(b), particularly 
in the reflected image of the overhead fluorescent lights. Similar surface 
texture was observed on other modules, including on those at Solar 
Village. 

The manufacturer's development of the module technology, includ
ing details of the lens design, is described in Refs. [26-33]. Refs. 
[27,33] in particular provide the manufacturer's comprehensive review 
of the details and considerations related to the CPV design. Because M-
M originally envisioned field cleaning of CPV modules, the modules 
featured a flat lens, with the facets facing inside the module. The M-M 
modules feature a PMMA lens, 30.5 cm x 30.5 cm x 4.5 mm in size, 
that operated at a 36.5 x nominal geometric concentration (often 
approximated as 40x) for the focused spot. The lens-to-target distance 
within the module was fixed at 35.9 cm to improve the uniformity of 
the focused spot, whereas the designed focal distance for the lens was 
42.7cm [27], i.e., corresponding nominal / / number of 1.4 [27]. The 
facet angle varied with the radius of the lens in nine discrete 
increments. The acceptance angle for the lens was ± 1.2°, based on 
90% of the maximum short-circuit current [26]. Although the theore
tical optical efficiency of the lens is 89.7% [27], the reported efficiency 
was 85% [26,28]. The modules featured a circular silicon (Si) cell 
(5.7 cm in diameter), with a corresponding circular gridline pattern. 
The lens was designed to have the corner facets bend light more than 

Fig. 1. Photographs of (a) the Solar Village system, and (b) a Martin-Marietta module 
(from the NREL warehouse). The dimpled surface of the lens may be observed in the 
speckled reflection of the overhead lights in the inset of (b). 

the center facets to compensate for the shape mismatch between the 
square lens and the round cell [26,27]. This "folded" optical design 
sought to improve flux uniformity (ideally varying the nominal 
concentration by as much as 1.6-1.9x); consequently, t h e / / number 
varied across the lens (decreasing to 0.8 at the corners of the lens) [27]. 
Two areas of the lens (containing 0.5% of the overall area) were slightly 
rippled and predicted to cause a 0.075% optical loss. As described 
further in Refs. [11,32,33], the module body consisted of a plastic 
housing (not PMMA), attached to a finned aluminum heat sink. 

Regarding the manufacturer of the lenses, the literature indicates 
that Martin-Marietta worked with Swedlow Inc. [27,30] (later pur
chased by PPG Industries), who frequently manufactured PMMA 
Fresnel lenses at that time by casting. Project references also noted 
that compression molding was a popular, applicable manufacturing 
method at the time of the Solar Village and Sky Harbor installations. 
Optical Sciences Group Inc. (OSG, later purchased by the 3 M 
Company), a lens tooling and Fresnel lens manufacturer, was acknowl
edged as the Solar Village lens subcontractor [32]. Specifications for 
the lens manufacture included a maximum thickness variation of 



0.64 mm and maximum of 1 mrad deviation for the prism curvature 
[27]. The radius of 2.5 urn was sought for the facet tips [27,32]. 

Regarding the Solar Village site, the most significant reliability issue 
concerned fatigue failure of the solder die attached to the alumina 
substrate or in the cell-to-cell interconnects, resulting in an open 
circuit [16,19,20,22]. Other failure modes included: high series resis
tance (because of the round interconnect wire geometry and cell 
attachment metallization [31,32]); the tracking electronics (resistor 
and capacitor failure from water ingress); drive key breakage (because 
of being untempered, causing mechanical failure of azimuth tracking); 
component failure (feedback potentiometer) on the tracker electronics 
board; water-saturated Kapton insulator tape in the module junction 
boxes; mechanical fatigue of the tracker control cables; soiled tracker 
sun sensors; soiling of the module; delamination of the carrier/heat-
sink interface; and a singularity failure for the tracker software at solar 
noon [16,17,19,20,23-25]. Regarding the lenses, discoloration (lens 
entirely yellow) was observed for ~2% lenses [23,24]. This was 
originally attributed to UV stabilizer, but was later found to come from 
the lens adhesive. Many of the aforementioned problems were quickly 
resolved at the installation. For example, the discoloration and 
delamination of ~8% of the lenses was fixed using a replacement 
silicone adhesive. 

Lenses fielded for 27 or 22 years in Phoenix are also explored in 
Refs. [9,10]. The oldest lenses were deployed using 80 trackers for 
225 kW in Phoenix for 27 years: 5 years at the Sky Harbor airport 
starting in 1982, then 22 years at the Arizona Public Service (APS) 
Solar Test and Research (STaR) center in Tempe. The fabrication and 
initial history of the installation is described in Refs. [34-39]. The 
veteran modules were washed occasionally using a high-pressure spray 
(with no physical contact) at Sky Harbor, but were not cleaned at APS. 

The 27-year veteran modules consisted of the M-M design. Some 
improvements from the Solar Village site were incorporated into the 
Sky Harbor system, including the component materials used [31]. The 
dominant reliability issue identified for the Sky Harbor site was 
inverter operation [22,38]. Other issues mentioned include: condensa
tion (when modules were not stowed face down overnight); open 
interconnects (poor solder joints); ground shorts (from degradation of 
the Kapton insulator); and key breakage (on the tracker drive 
mechanism). No issues related to the lens were mentioned. 

The 22-year veteran modules were manufactured by the Intersol 
Power Corporation, which formed out of the M-M CPV program. The 
Intersol design [32,40-42] was a subsequent generation of the M-M 
design, with a 20.6 cm x 20.6 cm x 3.6 mm lens that operated at a 70 x 
nominal geometric concentration (originally envisioned at 84 x) for the 
focused spot. The lens size was chosen based on an iterative optimiza
tion targeting a minimum module cost for a 2.67-cm square Si cell. The 
focal distance for the lens was 26.0 cm, i.e., corresponding// number of 
1.26. The modules featured a 2.3 cm x 2.3 cm square Si cell (pre
sumably some light was lost outside the cell, like the first M-M CPV 
design, reducing the nominal geometric concentration). The module 
body consisted of a plastic housing attached to an aluminum heat sink. 
The Intersol modules in this study were always mounted on a 2-axis 
tracker at APS-STaR, but were not cleaned. 

1.3. Literature review: previously observed lens durability issues 

The durability of formulated PMMA after 22 years of field aging was 
examined prior to the time of the Solar Village installation [30]. The 
study compared hemispherical spectral transmittance (obtained with 
an integrating sphere), direct spectral transmittance (acceptance angle 
of ± 1.5 mrad, i.e., ± 0.086°), and diffuse spectral transmittance (the 
difference of hemispherical and direct transmittance). That study 
identified rounding of the cut-on wavelength at ~400 nm with a stable 
UV cut-on wavelength at ~390 nm—indicating discoloration of the 
aged specimen, with retention of the UV absorber. The weathered 
sample showed a 12-4% variation in diffuse transmittance with 

wavelength from 450 to 900 nm, respectively. At the time of the 
module development work, M-M anticipated a 1% loss from UV 
degradation over 10 years [27]. 

The artificial weathering of more contemporary PMMA formula
tions is examined in Ref [43]. These specimens were examined 
periodically after steady-state artificial aging up to 1080 cumulative 
days using a source irradiance of 114 W m " 2 (for 300<X<400 nm), 
chamber temperature of 60 °C, and chamber relative humidity (RH) of 
60%. Some materials discolored (becoming yellow) whereas other 
materials maintained a neutral color cast with a grey (haze-generating) 
appearance. The loss of the UV absorber was identified for the 
discolored materials, based on a shift in the UV cutoff toward shorter 
wavelengths. A decrease in the molecular weight, particularly for the 
discolored specimen, with negligible change in the polydispersity 
(distribution of molecular-weight distribution profiles) was attributed 
to random chain scission. Differences in the degradation of the two 
materials in Ref. [43] were attributed to the material formulation. 
Although not described in Ref. [43], the M-M and Intersol lenses from 
APS-STaR were also subjected to the same artificial weathering [44]. 

Damage to the veteran M-M lenses at APS-STaR was examined in 
Ref. [10], where optical transmittance was compared to molecular 
weight quantified using liquid chromatography. Material damage was 
identified from the weight-average molecular weight, which was 
decreased on the incident surface relative to the value of 107,000 g mol 
_ 1 for the bulk material. Through-thickness chain scission was attrib
uted to UV radiation. Successive cross-sections of the lens examined 
indicated that UV degradation was greatest at the incident surface, 
extending at least 0.5 mm into the PMMA. Optical transmittance and 
yellowness index were also to improve as the specimen surface was 
removed. 

1.4. Literature review: crazing of PMMA 

The process of crazing involves the microcracking and accumula
tion of damage in PMMA. Crazes have been observed for PMMA in 
creep-rupture tests, with lateral crack widths up 6 urn and crack 
lengths up to 120 urn [45]. These sizes well exceed one-quarter 
wavelength for visible light, a rule-of-thumb threshold for optical 
scattering. Crazing of PMMA in response to an applied static load is 
examined in Refs. [46,48-55]. The stress fields and conditions 
required to initiate and propagate crazes (the process of "normal stress 
yielding") are examined in Refs. [52,56-60]. Upon fracture, PMMA will 
form a colorful ~700-nm-thick surface layer consisting of crazed, 
oriented material [49,50]. Crazes may form in PMMA, e.g., at the 
surface, in response to sufficient mechanical strain [41,48]. A bending 
stress greater than 14 MPa is identified in Ref. [30] as the threshold for 
preventing crazing during manufacturing. A rate dependence was 
observed, particularly for an applied mechanical load [53,55], where 
the morphology and amount of damage varied with the load rate [55]. 
Craze behavior is examined for applied dynamic loads in Refs. 
[46,55,61-65]. The crazing associated with mechanical fatigue is 
examined in Refs. [46,63-65]. Craze formation under static conditions 
( < 10_ 1 Hz, [46]) depends solely on the stress/strain behavior of 
PMMA [65], whereas craze formation during dynamic conditions 
varies with the applied load (e.g., regimes bounded by the applied 
stress-intensity thresholds of 0.35, 0.6, or 1 MPa m0 '5, [64]), the 
material's viscoelastic response, and the interaction between the craze 
and bulk material. 

Much of the study of craze formation and the interaction of crazes 
with the environment comes from the field of fracture mechanics 
[47,48,50,51], i.e., which examines the formation of crazes and their 
coalescence, facilitating the propagation of an advancing crack. Some 
findings from the literature can, however, be applied to CPV lens 
application. A greater density of short crazes was formed in relatively 
dry or mildly water-saturated PMMA, whereas fewer longer crazes were 
formed in wet PMMA [41,76]. This suggests that desert locations may 



more immediately facilitate surface crazing. The stress required to 
induce crazing (or rupture) was seen to decrease with time for samples 
weathered in air [84]. This may follow from the UV degradation of 
PMMA [2], where the molecular weight (therefore, the critical fracture 
toughness, Kic) was reduced by random chain scission—which would 
be expected to make the material more prone to environmental stress 
cracking (ESC, including surface craze formation) [85]. Because it 
cannot craze during plastic deformation, the molecular weight of 
10,000 g mol - 1 is identified as a critical threshold for PMMA, below 
which it becomes extremely brittle [2]. Surface roughness was found to 
reduce the critical strain required for craze formation [53]. There may 
then be an interaction with abrasion damage, e.g., airborne sand or 
abrasion from cleaning. 

1.5. Literature review: environmental stress cracking of PMMA 

Many amorphous polymers, like PMMA, are affected by ESC, where 
the mechanical behavior including craze formation can be affected by a 
solvent. The solvent may be a liquid or gas, e.g., the thermal activation 
for the enabling process of crazing in N2, Ar, O2, CO2, and water vapor 
are quantified in Ref. [66]. Studies examining ESC in conjunction with 
an applied static load include Refs. [41,53,58-60,66-70,72-78], 
whereas fatigue is examined in Refs. [61-65]. The effect of water, 
where polar PMMA can absorb up to 2.2 wt% [73], is examined in Refs. 
[41,60,67-82]. Hygroscopic methanol, where the concentration of 
water stabilizes at 1.07% in a standard laboratory environment [66], 
is also often examined [46,53,66,74,77]. Some 40-60% of the absorp
tion of solvent into PMMA will occur within microvoids in the material 
[86], while the remaining absorption will cause the material to swell, 
causing a compressive strain that may reduce the likelihood of crazing 
at the surface [77]. Because solvents reduce yield strength, they also 
affect the propagation of a crack tip, i.e., the process of craze and fibril 
generation as well as the blunting of the crack tip [77]. KJC was 
observed to vary from 0.7 MPa m0 '5 to 0.95 MPa m0 '5 with water 
concentration, where the threshold of 0.8 wt% water [41] (75% relative 
humidity in a laboratory environment [41]) distinguished between the 
fracture propagation modes as well as the corresponding fractography 
[78]. Following from the toughness, the work of fracture is increased 
four-fold for wet PMMA [66]. The length of the craze ahead of the crack 
tip increases with water content, enhancing the size of the plastic zone 
and the corresponding toughness [75]. Although Kc is increased, the 
fracture strength instead decreased [66,69,72-74,77] because the craze 
became wider [71] and longer [75], whereas the connecting fibrils at 
the crack became plasticized, resulting in a shorter fibril lifetime [75]. 
The maximum strain to failure was identified for the water concentra
tion of 1.1 wt%, above which elongation was reduced by clustering of 
water within PMMA [72]. To explain, a population of crazes will form 
ahead of the crack, which advances through advantageous coalescence 
in relatively dry or mildly water-saturated PMMA, whereas crack 
advancement occurs at a continuous rate along a single craze in wet 
PMMA [78]. The displacement rate of 10"1 Hz was identified as the 
threshold between elastic and combined viscoelastic response (where 
craze formation is subject to plasticization) [46]. At high load rates, 
PMMA responds like dry material because water does not have time to 
diffuse to the craze tip or plasticize the adjacent fibrils [77,82]. A time-
temperature-stress superposition was applied in a Williams-Landel-
Ferry representation to estimate the crazing damage in creep-rupture 
experiments [69,83]. 

Although many of the effects of ESC are modest, the following 
considerations or indicators should be mentioned: The mechanical 
modulus of PMMA is typically decreased on the order of 5% with water 
concentration [72,73,75]. The static fracture strength of PMMA, 
however, can be decreased by as much as 40% because ESC affects 
crazing [66,69,77]. The effects of moisture should be considered when 
designing a lens to withstand hail or wind loads. The fatigue life of 
PMMA decreases by two orders of magnitude with water content up to 

1 wt% [81]. CPV lenses are not, however, typically load-bearing 
components, which should reduce their internal stress and correspond
ing propensity to fatigue. The glass transition temperature (Tg) may be 
decreased by as much as 25 °C for PMMA by water [70,73,75], which 
could affect its dimensional stability through the process of physical 
aging. The decrease in Tg aids the propensity for wet PMMA to craze 
[66]. Given the Tg of 105 °C for a dry PMMA formulation, the 
corresponding reduced Tg of 80 °C is sufficiently high such that 
physical aging would not be expected for lens operating temperatures 
less than 60 °C, i.e., Tg - 2 0 °C [87]. 

1.6. Goals of the study 

Veteran lenses from the Solar Village in Riyadh and Sky Harbor/ 
APS-STaR sites in Phoenix were compared with reference lenses 
(stored in the field or separately in a warehouse). The goal of the 
study was to quantify performance of the veteran lenses and identify 
the dominant degradation modes. Characteristics examined include: 
optical transmittance, including both lens and material measurements; 
lens focal distance; lens curvature; optical scattering; physical geome
try, including the material integrity at the incident surface and the lens 
facets; surface morphology, including scanning electron microscope 
and atomic force microscopy measurements; and molecular weight, via 
gel permeation chromatography. The results are presented here to 
assess the feasibility of the use of PMMA in lenses for CPV modules as 
well as to provide feedback toward developing reliable primary optics 
used for CPV. 

2. Experimental 

2.1. Specimens 

Lens specimens obtained from the Solar Village site include veteran 
lens series ("KACST-O", used for CPV for 20 years); and reference lens 
series ("KACST-R", obtained from the stack of palletized parquets). The 
KACST-R samples were exposed to a similar ambient thermal environ
ment as the KACST-0 lenses, but were shielded from UV by the stack. 
Additional reference lenses were obtained from NREL ("NREL-W"); 
these had been fielded for 1-2 years in Golden for module performance 
measurements and then stored in a wooden crate in a warehouse. 
These lenses were physically cleaned during field use, e.g., wet 
scrubbed with a damp lens tissue. Lens specimens obtained from 
APS include veteran lenses ("APS-O", from M-M modules fielded for 27 
years) and additional veteran lenses ("APS-I," from Intersol modules 
fielded for 22 years). No reference Intersol lenses (lacking full field 
exposure) were available. The nominal thickness of the M-M lenses 
(KACST-O, KACST-R, NREL-W, and APS-O) was 4.51 mm, whereas 
the nominal thickness of the Intersol lenses (APS-I) was 3.61 mm. 

2.2. Lens performance, focal distance, and curvature measurements 

Indoor measurements of lens performance were carried out using 
the Helios 3198 Solar Simulator, represented in Fig. 2, developed by 
the Instituto de Energia Solar - Universidad Politecnica de Madrid 
(IES-UPM) [88-90]. The Solar Simulator uses a xenon flash lamp and 
a 2-m-diameter collimator mirror to produce a light distribution at the 
input aperture of the lens that is similar to the sun—not only in angular 
size and distribution (90% of the total irradiance is contained within a 
solid half-angle of 0.4°), but also, the equivalent to the AM1.5D 
spectrum [92]. To examine the effect of focal distance, the test cell 
can be moved relative to the lens, with a minimum increment for the 
stepper motor of less than 5 urn. To verify the colorcast present during 
measurement, the Solar Simulator contains a spectroheliometer con
sisting of separate isotype cells (GalnP, GalnAs, and Ge), calibrated 
against the AM1.5D spectrum. The optical efficiency (n, %) of a lens 
measured in the Solar Simulator is calculated as the ratio of power at 
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Fig. 2. Cross-sectional schematic depicting the key components and use of the IES-UPM 
CPV Solar Simulator for measuring optical efficiency of a veteran lens. 

the input and output of the concentrator [93]: 
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The input irradiance (Ee,m, W m~2) at the entrance of the lens area 
(Alens, rn2) and the output irradiance CEe,out, W m~2) at the focus of the 
lens (Acen, 14.44 cm2) are measured using two different irradiance 
sensors of the same technology (e.g., two silicon solar cells) calibrated 
at 1 sun for the AM1.5 terrestrial direct solar spectrum. -Ee,out i s known 
to vary as a function of the electrical current from the test sensors, Eq. 
(2). Each lens was first aligned with the cell at a focal distance of 
400 mm. A series of scans was then performed where the separation 
distance between the lens and the cell was varied to quantify the effect 
of focal distance. Indoor measurements were carried out for the entire 
lens (30.5 cm x 30.5 cm) as well as the 8-cm central portion of each 
lens, measured using a square mask. The masked measurements were 
performed using the Si cell (effective spectral bandwidth of 3 0 0 -
1150 nm), the cell filtered with a hot mirror (390-750 nm), and the 
cell with a cold mirror (675-1150 nm). 

cellatequivalentAMl .5D 
1000 

cell at 1 sun, AMI.5D (2) 

In addition to the overall performance and spectral performance, the 
curvature of the lenses was characterized using a recently developed 
method [91]. The mean curvature (icm, m_ 1) was measured from the 
Fresnel reflection off the front surface of each lens. Km is defined as the 
inverse of the mean radius of curvature (Rm, m). The direction (concave 
or convex) and magnitude of curvature were quantified from an optical 
image (Retiga ExiFast CCD camera, Qlmaging Co.) of the distortion of a 
checkerboard reference pattern. Curvature estimations are performed 
with a resolution on the order of 1 cm - 1 , depending on the area of the 
lens under evaluation and the pixel resolution of the CCD detector. The 
spatial sampling resolution of the curvature depends directly on the 
dimensions of the periodic pattern used (e.g., 2.5 cm x 2.5 cm grid in the 
measurements here). 

2.3. Lens material transmittance and optical scattering 
measurements 

Optical measurements were performed using a Cary 5000 dual-beam 
ultraviolet-visible-near infrared (UV-VIS-NIR) spectrophotometer 
(Agilent Technologies Inc.) with an integrating sphere and a Cary 500 
dual-beam UV-VIS-NIR spectrophotometer with no integrating sphere. 
Transmittance was measured similar to Ref. [94] from 200 to 2650 nm 
with a 1-nm interval for the Cary 5000 and from 200 to 3300 nm with a 
1-nm interval for the Cary 500. As in Refs. [95,96], spectra were 
obtained and then analyzed relative to the AM1.5D spectrum [92] to 
quantify the solar-weighted transmittance of photon irradiance (xsw), 

yellowness index (YT), and the UV cut-off wavelength (Aeuy). Haze was 
computed from the hemispherical transmittance (Th, Cary 5000) and 
direct transmittance (xd, Cary 500) spectra as: haze = (xh-Xd) • Xh_1. 

Sets of 6.7 cm x 4.4 cm coupon specimens were cut from the center 
of veteran lenses for the transmittance measurements. Measurements 
were first performed using the Cary 5000 after cleaning the lenses with 
a deionized water spray to remove contamination. To study the optical 
effects from the lens surfaces, the facets were milled from the back 
surface using a steel high-speed cutting tool (P/N 01881960, Interstate 
Tool Corp.); the samples were then polished using the series of 30-, 
15-, 9-, 3-, 2-, and 1-um flexible polishing papers (Zona series, 3M 
Company). Optical measurements were then performed using the Cary 
5000 and Cary 500. The incident surface was then polished using the 
same series of papers, followed by measurements using the Cary 5000 
and Cary 500. An index-matched silicone oil (Fluid AP 100, Wacker 
Chem. Corp.) was used during the optical measurements of the 
polished surface(s) to fill in surface roughness and scratches. An 
analysis procedure for the data (described in Ref. [3]) allows the 
optical attenuation coefficient to be evaluated so that the thickness-
compensated transmittance may be determined for the original thick
ness as opposed to the measured thickness after milling and polishing. 

The direct transmittance was further characterized for additional 
coupon specimens (milled and polished to remove the facets from the 
back surface as above, but with no index-matched silicone oil applied) 
using the Very Low Angular Beam Spread (VLABS) instrument at 
Fraunhofer ISE [97]. VLABS quantifies the angle-resolved scattering 
function by comparing the images of a monochromatic beam of light on 
a CCD sensor, before and after a sample is inserted. The diffused light 
of a 631-nm light-emitting diode (LED) source is collimated (~1 mrad 
half divergence angle) and forms a beam with diameter (i.e., spot size 
on specimen) of about 7 mm. The half field of view for VLABS extends 
up to 30 mrad (1.72°). The instrument has an absolute accuracy of 
0.5% for transmittance, with an angular resolution of 0.05 mrad 
(0.0029°). The ideal optical transmittance for bulk PMMA can be 
estimated from Eq. (3), where Xtheo represents the theoretical trans
mittance, %: and n refers to the refractive index. 

100- 1 U + J I 'l1 \l + nj (3) 

The value of n=1.490 for an unaged PMMA (PMMA 8N, Evonik 
Industries AG) was confirmed against the literature [98] using an Abbe 
60/ED refractometer (Bellingham+Stanley Ltd.) on a 2.17 ±0.06 mm 
thick commercially PMMA sheet specimen (containing proprietary 
formulation additives), which implies a xtheo of 92.5% at 631 nm. Eq. 
(4) considers only the surface reflectance for a bulk material, but does 
not account for material-specific absorptance. Absorptance is neglected 
here because it is assumed to have an effect that is less than the 
measurement uncertainty. 

2.4. Measurement of physical characteristics 

A Dimension 3100 (Veeco Instruments Inc.) atomic force micro
scope (AFM) was used to perform surface topography scans in tapping 
mode. The radius of curvature of the silicon AC160TS (Asylum 
Research Corp.) tips used was nominally 7 nm, with an included tip 
cone angle of 40°. After spraying with deionized water to remove 
particulate contamination, the top surfaces of coupon specimens were 
measured using 90 x 90 urn2 then 20 x 20 urn2 scans with 512 pixels in 
each direction (i.e., ~180 nm or ~40 nm lateral resolution), which were 
then processed using the flatten and low-pass filter ( 3 x 3 pixel 
averaging) software features. The surface roughness (of the measured 
area) and the size of characteristic features (within a line scan) were 
determined using the instrument's software. Electron microscopy was 
also performed using a field-emitting scanning electron microscope 
(Quanta 600, FEI Co.). AFM measurements were performed on speci-



mens in addition to the front surface of the lenses, including: one of the 
reference lenses from the Solar Village site, on the faceted surface after 
it was milled and polished; and a stock PMMA sheet material (also 
containing proprietary formulation additives, but different from the 
commercial PMMA specimen above), after the protective kraft paper 
was removed from the surface. The microscopy measurements were 
performed on at least three locations on each specimen examined. 

The material integrity, including porosity at the first surface as well as 
the tip- and valley-lens radius of the lens facets, was examined on cross-
sectioned coupon specimens. Specimens were cut to size (2 cm x 2 cm) 
using a hand saw and then potted in a two-part addition cure epoxy (P/N 
145-10015, Allied High Tech Products, Inc.). After curing for 24 h at 
ambient temperature, the samples were cut across the direction of the lens 
facets using a hand saw, then polished using a Multiprep Polisher (P/N 
10-1000, Allied High Tech Products, Inc.) using a series of plain black-
diamond lapping films (30-, 15-, 9-, 6-, 3-, 1-, 0.5-, and 0.25-um grit, P/N 
50-300XX series, Allied High Tech Products, Inc.). The specimens were 
rinsed with deionized water, dried with pressurized air, and then 
desiccated before imaging. Optical images were obtained on an 
Axiolmager. M2m microscope (Carl Zeiss AG) equipped with an 
AxioCam MRc5 camera (Carl Zeiss AG). Image contrast was improved 
for measurements using differential interference contrast (DIC, 
"Nomarski") microscopy. Scanning electron microscopy (SEM) was 
performed using the Quanta 600. A large working distance (~20 mm) 
and low acceleration voltage (2 kV) were used to limit charge accumula
tion on the specimens during electron imaging. Estimates of the tip and 
valley radius for the lens facets were obtained relative to circles drawn in 
the imaging software. Three optical and three electron images were 
obtained for each specimen type at both the incident and faceted surfaces 
of the lenses. 

2.5. Measurement of polymer characteristics 

Gel permeation chromatography (GPC) analysis was performed using a 
high-performance liquid chromatograph (HP 1050, Agilent Technologies 
Inc.) attached to a refractive-index detector. The outer 100 urn of the first 
surface of coupons specimens (1 cm x 1 cm) was tomed in 0.5-um 
increments using an 820 microtome (American Optical Corp.). The 
shavings were dissolved in tetrahydrofuran (THF, J T . Baker Chemical 
Co., HPLC grade) at 1-2 mg/mL and then filtered (0.45-um nylon 
membrane syringe filters) before analysis. The sample injection volume 
was 200 uL. Four GPC columns (PL1110-6120, PL1110-6130, PL1110-
6140, and PL1110-6150, Polymer Laboratories Ltd., 300 x 7.5 mm) packed 
with polystyrene-divinyl benzene copolymer gel beads (10-um diameter) 
having nominal pore diameters of 104, 103, 102, and 101 nm were used, 
connected in series in order of decreasing pore diameter. THF was used as 
the eluant at the flow rate of 1.0 mL min -1. The measured retention time 
was converted into molecular weight by applying a calibration curve 
established using ten PMMA standards (Agilent Technologies Inc.) of 
known molecular wei ght (from 1.3 x 106 to 3 x 103gmol"1). The 
molecular-weight distribution parameters were calculated using Cirrus 
GPC software (Polymer Laboratories Ltd.) from the equations: 

YNM 
Mn = ^ 

5>< (4) 

M„ = ^ ' ' 
T,NiMi (5) 

M„ (6) 

In the analysis, Mp represents the peak molecular weight, i.e., the 
molecular weight of the highest peak in each data profile; M„ is the 
number-average molecular weight {g mol - 1}; JVj is the number of 
molecules {molecules}; Mi is the molecular weight {g mol _ 1 } ; Mw is 
the weight-average molecular weight {g mol _ 1 } ; and PD is the 

polydispersity {unitless}. Measurements were performed using the 
primary refractive-index signal for PMMA, not the lesser signals 
attributed to copolymers and additives. 

2.6. Additional characterizations 

Additional characterizations performed, but not described in detail 
here, include: scans of optical reflectance spectra; scans of the active 
electronic structure, via UV-VTS fluorescence spectroscopy; and identifica
tion of low-molecular-weight components of the lenses, including the 
formulation additives using gas chromatography-mass spectroscopy (GC-
MS) [44]. Key details of those measurements include: 1) Similar to the 
transmittance measurements, reflectance was measured on coupon-lens 
and polished-lens specimens using the Cary 5000 and Cary 500; 2) As in 
Ref. [99], UV-VTS fluorescence spectroscopy was performed with a FL-
112X1 Fluorolog-II (SPEX Industries Inc), which uses a Xe-arc lamp source 
(450-W bulb), Hamamatsu R928 photomultiplier (PMT) emission detector, 
and Hamamatsu R508 PMT reference detector (using Rhodamine B as the 
quantum counter); 3) Samples for GC-MS were prepared using a dissolu
tion mixture of 75 wt% dichloromethane (DCM, CH2Ci2): 12.5 wt% 
petroleum ether: 12.5 wt% diethyl ether (ether, C2H5OC2H5). Three grains 
of PMMA (broken to < 1-cm2 pieces) could be dissolved in 8 g of solvent 
mixture overnight, with the aid of agitation. Precipitation of the polymer 
was then performed by combining 1 vol of sample solution with 3 volumes 
of 50 wt% ether - 50 wt% petroleum ether. Precipitated solutions were 
decanted and injected into the GC for analysis. Analysis was performed 
using a 2-dimensional high-resolution Pegasus GCxGC-TOFMS time-of-
flight mass spectrometer system (LECO Corp). 

3 . Results 

3.1. Lens performance measurements 

The results of the lens characterization using the IES-UPM Solar 
Simulator are shown in Figs. 3 and 4. The results are shown in Fig. 3 
for the veteran lens (KACST-O-6, 20 years use on a tracker) and 
reference lens (KACST-R-06, from a pallet stored outdoors) from the 
Solar Village site, which are also compared to the veteran M-M lens 
(APS-O-06, 27 years use on tracker) fielded in Phoenix and a reference 
lens (NREL-W-06, stored in a warehouse) from NREL. The results 
have been scaled relative to the maximum for specimen KACST-R-06, 
with error bars indicated for 2 standard deviations (S.D.). Results from 
each specimen are shown for measurements obtained from the entire 
lens or the central (masked) portion. A quadratic or linear best fit has 
been applied to the discrete measurements to group the data and guide 
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Fig. 3. Comparison of the relative optical efficiency of the lenses (± 2 S.D., normalized to 
KACST-R-06) as a function of focal distance. Scans for the entire (unmasked) lens are 
indicated using a circle with best fits using solid lines; scans for the lens center (8 cm x 
8 cm mask) are shown using squares with best fits using dashed lines. 
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Fig. 4. Comparison of relative n0 for the center of the lenses (± 2 S.D., 8 cm x 8 cm 
mask, normalized to KACST-R-06) as a function of focal distance. Scans were obtained 
using the Si cell with the hot mirror (corresponding spectral bandwidth of 390-750 nm, 
indicated using a triangle with best fits using solid lines), or the cold mirror (675-
1150 nm, shown using asterisk and dashed lines). 

the eye. A significant variation occurs with the focal distance for the 
measurements made using the entire lenses. The optimum focal 
distance for the measurements of the entire lenses is indicated at the 
top of the figure with a hash mark. As quantified in Table 1, the rank of 
the focal distance follows from greatest to least as: APS-O-06 > NREL-
W-06 > KACST-O-06 > KACST-R-06. The variation in optical efficiency 
(n0) with focal distance is greatly reduced for the masked measure
ments. For both the unmasked and masked measurements, a reduced 
efficiency is observed for both veteran lenses, relative to both reference 
lenses. The n0 of 92% for the masked measurement is observed for the 
veteran lens KACST-O-06 relative to the reference lens KACST-R-06. 
The rank of the masked n0 measurements follows from greatest to least 
as: KACST-R-06 > NREL-W-06 > KACST-O-06 > APS-O-06. 

The results are shown in Fig. 4 for the center of the same lenses, 
measured using either a hot mirror (favoring visible wavelengths) or a 
cold mirror (including both VIS and NIR wavelengths). As in Fig. 3, the 
performance of both reference lenses exceeds that of both veteran 
lenses. The n0 of the veteran lenses is decreased at short wavelengths, 
particularly for APS-O-06, which approaches a 10% loss in transmit-
tance compared to KACST-O-06. The n0 of the warehouse (NREL-W-
06) reference lens is less than that of the palletized reference lens 
(KACST-R-06) at short wavelengths (hot mirror), with more similar n0 

at longer wavelengths (cold mirror). 

Table 1 summarizes results of the solar simulator characterization, 
with some values compared relative to the spectrophotometer mea

surements of coupon specimens with the faceted surface milled and 
then polished. The absolute n0 is given for the entire (unmasked) lens, 
which is compared at the focal distance of 39.7 cm. At that focal 
distance, the flattest lens (NREL-W-06) is the most efficient, whereas 
the veteran lenses are at least 10% less efficient. n0 is then compared 
(relative to KACST-R-06) for the entire lenses, then for the central 
portion of the lenses (including nominal, cold-mirrored, and hot-
mirrored measurements), then for the coupon specimens (analyzed 
for the corresponding spectral bandwidth of the Si detector, cold-
mirrored, and hot-mirrored measurements). The reference lenses 
typically have comparable (± <2%) An0 values. As in Figure 4, An0 is 
greatest for APS-O-06, particularly at shorter wavelengths. An0 is 
greatest for the KACST-O-06 specimen, when measured using the 
Solar Simulator (where the specimens all contain lens facets). The 
optimum focal distance as well as the mean curvature value for the 
entire lens measurements in Fig. 3 is also given in Table 1. A range of 
focal distances is observed in Table 1 relative to the M-M design value 
of 42.672 cm. The deformed shape was measured to be concave for the 
KACST-R-06 and KACST-O-06 lenses, convex for the lens fielded in 
Phoenix (APS-0-06) and flat for the lens stored in the NREL warehouse 
(NREL-W-06). The rank for Rm for the lenses in Table 1 follows from 
greatest to least in the same order as the rank for / in Table 1 and Fig. 3, 
i.e., APS-O-06 > NREL-W-06 > KACST-O-06 > KACST-R-06. 

For the measurements examining the entire lenses, differences on 
the efficiency data follow from the lenses' design, deformed shape, and 
optical transmittance. Regarding the design, the M-M lens features 
corner-located facets adjusted to redistribute the light from a square 
lens onto a circular cell [26,27]. Because the lenses have the same 
folded design, however, the lens design cannot account for all the 
observed difference between the unmasked and masked measurements 
in Fig. 3. Regarding the deformed shape, its effect (observed for the 
entire lens data profiles in Fig. 3) is directly related to light leakage that 
varies with the focal distance: light is spilled outside of the area of the 
Si detector cell. Lenses with concave (negative curvatures) and convex 
(positive curvatures) shapes have their maximum of optical efficiency 
at shorter and larger focal distances, respectively, relative to the lens 
with a flat shape (NREL-W-06). The rank order in Table 1 was 
consistent between / and Rm, suggesting that the curved shape of the 
lens is capable of affecting incident light. In this study, the results for 
the measurement of the entire lens are suspected to be limited by the 
lens curvature (in addition to the folded design), which affects the size 
of the focused spot at the detector. For the flat Fresnel lens, the 
optimum focal distance (39.7 cm) is less than the designed focal 
distance (42.7 cm) most likely because the diameter of the detector 
cell (5.7 cm) is smaller than the projected spot size (diameter of 
8.8 cm). Although not examined further here, some variation in the 

Table 1 
Summary of optical performance of the lens specimens. Measurements obtained at IES-UPM were performed on lens specimens using the CPV Solar Simulator. Data were obtained for 
the whole lenses and then for masked lenses: with the Si cell directly (no subscript); with a hot mirror (-HM); or with a cold mirror (-CM). Measurements obtained at NREL were 
performed on coupon specimens cut from the lenses, with the faceted surface milled and then polished. The broadband spectral measurements are analyzed for the approximate spectral 
bandwidths of the Si cell, hot mirror, and cold mirror, respectively. Differences on efficiency values (AnJ are shown in the table relative to the KACST-R-06 specimen. 
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focal distance may follow from the lens curvature. The reduction in 
efficiency due to the deformed shape of the lenses—including the 
disparity between the optimum focal distance and the intended focal 
distance—is under-represented in the measurements in Fig. 3. The 
effect of the shape is reduced because each lens is aligned with the 
receiver (solar cell) prior to the optical efficiency measurement. The 
same lenses installed in a module could further decrease the module 
efficiency, because they would not individually be aligned with the 
receiver during module manufacturing. Remaining differences between 
the lenses are attributed to their optical transmittance, described 
below. 

For the measurements of the center of the lenses (reducing the 
effects of the lens design), the focused light is measured with no light 
lost outside of the cell (reducing the effects of lens curvature). This 
corresponds to the flatter, parallel data profiles for the masked lenses in 
Fig. 3, relative to the data obtained from the entire lens. The remaining 
differences between the masked lenses follow from factors in addition 
to curvature, e.g., material transmittance, surface roughness, or lens 
facet geometry. A series of additional optical and material character
izations was performed next (summarized in the figures and tables 
below), because a reduction in lens efficiency remained between the 
masked lenses. 

Because the spectrophotometer measurements were obtained on 
specimen with the facets removed, the absolute values of the lens and 
spectrophotometer measurements can only truly be compared for trends 
rather than for absolute values. In Table 1, however, the difference in An0 

measurements for the KACST-O-06 lens between the Solar Simulator and 
spectrophotometer approaches the 7% difference between hemispherical 
and direct transmittance spectrophotometer measurements of the out
door-weathered PMMA sheet in Ref. [30], suggesting that the loss largely 
follows from angle-related effects, e.g., optical scattering and/or the lens 
facets. However, an ~3% An0 remains between the KACST-O-06 and 
KACST-R-06 polished coupons, identifying that the incident surface has 
been degraded by field use. The veteran APS-O-06 lens instead shows a 
substantial An0 for both the Solar Simulator and spectrophotometer 
measurements, suggesting loss in performance occurring on the incident 
surface of the lens. The maximum efficiency of the entire KACST-R-06 
reference lens is lower than the maximum efficiency of the entire NREL-
W-06 warehouse lens, contrary to the values given by the characterization 
of the central part of the lenses. This might be explained if even at the 
optimum focal distance of the entire reference lens (where the spot size is 
minimized), some light still falls outside of the Si detector because of its 
greater curvature. 

3.2. Lens coupon performance measurements 

The spectral transmittance and haze results obtained using the 
spectrophotometers are shown for coupon specimens KACST-O-01, 
APS-O-01, and KACST-R-01 in Figs. 5-7 , respectively. The figures are 
shown with the ranges on their axes so that they may be readily 
compared. Transmittance was determined successively for the coupons 
after they were cut from a lens (labelled "lens" in the figures), then with 
the Fresnel facets removed ("bmp"), then finally after polishing the 
front surface ("bmp, fp"). The final, front-polished version of the 
coupons was always the most optically transmitting. Haze was com
puted only for the processed coupons ("bmp" and "bmp, fp"). In the 
figures, an ~ 1 % offset in x^ is observed for the coupon measurements 
with the facets present relative to the measurements with the facets 
milled and back surface polished. The greatest loss in transmittance 
relative to the reference specimens was observed for the APS-O-01 
specimen, below 800 nm in Fig. 6. The specimens also all demonstrate 
a rounded cut-on transition (where they become optically transmitting 
above 400 nm). The corresponding maximum YI of 3.3 was observed 
for the APS-O-01 specimen. Regarding their visual appearance, the 
specimens all had a neutral colorcast. The UV cut-off wavelength (XcUV) 
varied from 372 to 379 nm between the test and reference lenses. Haze 
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Fig. 5. Spectral transmittance and optical haze for veteran lens KACST-O-01 (fielded 20 
years in Riyadh). The transmittance of the original lens ("lens") is shown relative to the 
same lens with the faceted back surface milled and polished ("bmp"), and then 
subsequently polished on the front ("bmp, fp"). Measurements for the polished samples 
have been compensated to the nominal lens thickness of 4.51 mm. 
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Fig. 6. Spectral transmittance and optical haze for veteran lens APS-O-01 (fielded 27 
years in Phoenix). The same conventions are used as in Fig. 5. 
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Fig. 7. Spectral transmittance and optical haze for reference lens KACST-R-01 (stored 
outside in a stack of parquets in Riyadh). The same conventions are used as in Fig. 5. 

generally increased for shorter wavelengths for all specimens. Haze 
was reduced for the veteran specimens when the front surface was 
polished (-bmp, fp). A significant haze remained for the APS-O-01 
specimen, however, even after the front surface was polished. Haze was 
instead increased for the reference specimens, after the front surface 
was polished. 

Many of the differences between the data profiles in Figs. 5-7 
follow from the progression of the specimen preparation. The trans-



mittance improved consistently upon the removal of the lens facets and 
polishing of the back surface. The ~ 1 % difference likely reflects the 
limitations of the integrating sphere in obtaining Th measurements 
from specimens containing lens facets, including different incidence 
angles into the sphere as well as back reflection off of the facets. The 
subsequent polishing of the front surface was typically found to 
marginally increase Th, more obviously reducing haze for the veteran 
specimens. Haze is typically seen to increase at shorter wavelengths 
because of scattering effects, e.g., from surface roughness or contam
ination remaining from natural soiling. The increase in haze after 
polishing the front surface of the reference specimens may suggest that 
the manual polishing renders a nanoscale surface roughness that 
exceeds the roughness of the fabricated lens surface. At the end of 
the experiment, the APS-O-01 coupon remained the most severely 
affected, suggesting that it may be damaged into the bulk of the 
material. 

Regarding the rounding of the cut-on transition, this seems to 
follow from optical scattering rather than discoloration of the PMMA. 
This conclusion follows from the neutral colorcast, as well as the 
minimal change in YI for the veteran specimens. Furthermore, the Aeuy 
was not greatly different between the specimens, suggesting that the 
UV stabilization package remains intact within the veteran lenses. A 
rounding of the cut-on spectrum with a minimal change in Aeuy was 
anticipated at the time of the development of the M-M CPV technology 
[30]. In Ref. [30], the initial sharp cut-on transition was observed to 
round over ~100nm on a 22-year-old specimen. A similar range of 
~150 nm is observed for the cut-on transition of the veteran and 
reference lenses in this study. 

The direct transmittance is characterized as a function of the 
detector's acceptance angle (i.e., half field of view, HFOV) in Fig. 8 
for the VLABS instrument. The transmittance is generally reduced (on 
the order of ~3%) as the detector's acceptance angle is reduced. The 
veteran specimens fielded in Phoenix (including Martin-Marietta and 
Intersol lenses) have a transmittance that is reduced substantially 
relative to the other specimens. The theoretical transmittance is 
included in Fig. 8, based on the refractive index of PMMA. This data 
curve lies in close proximity to the unaged, unpatterned (reference) 
commercial PMMA specimen. A 3% difference is observed between the 
reference commercial PMMA specimen and the KACST-R-07 reference 
specimen at the HFOV of ± 30 mrad. A 9% difference is observed 
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Fig. 8. Direct transmittance as a function of the detector's acceptance angle for coupon 
specimens with the faceted surface milled and polished. The theoretical maximum 
transmittance for PMMA is indicated in the figure relative to a measured thick 
commercial sheet specimen. 

between the KACST-R-07 reference specimen and APS-O-07 specimen 
at the same HFOV. Relative to the range of angles in Fig. 8, the Cary 
5000 spectrophotometer is believed to have a HFOV on the order of ± 
2-3°, the M-M CPV design ± 1.2°, and contemporary CPV designs on 
the order of ± 0.8-1°. 

At the time of the development of the M-M CPV technology, a 
reduction in transmittance as a function of the detector's acceptance 
angle was observed in the literature for a specimen naturally weathered 
for 22 years [30]. A decrease in Xd on the order of 1% was observed as 
the detector's acceptance angle was varied from 1 to 15 mrad. An 
inflection in the data profile at 2 mrad was also observed in Ref. [30]. 
The literature results are therefore consistent with those of the 
reference specimens and coupon KACST-O-07. The rank order for 
the VLABS measurements is also consistent with the spectrophot
ometer characterizations. The substantial reduction in Xd in Fig. 8 for 
APS-O-07 and APS-I-07 specifically identifies optical loss due to 
scattering. The scattering in Fig. 8, with the spectral distribution in 
Fig. 6, is consistent with the reduced n0 for the HM measurements of 
the APS-O-06 specimen in Fig. 4. 

Regarding the difference between the reference commercial PMMA 
sheet specimen and other specimens at a wide HFOV, optical analysis 
including the effects of wavelength-specific optical absorptance not 
considered in Eq. (4) suggests a 0.2-0.3% reduction in transmittance if 
the thickness of the reference stock specimen was increased from 
2.17 mm to 4.5 mm. Thickness therefore cannot account for the 
difference in transmittance at the right of Fig. 8. Because the 
commercial specimen closely overlaps the theoretical Xd, the composi
tion (base PMMA material and corresponding reflectance from its 
refractive index) cannot explain the observed >~2% loss for the 
reference lenses relative to the commercial PMMA. After thickness 
and composition, the processes of optical absorption, backscattering, 
and wide-angle forward scattering as well as the ambient humidity 
remain to explain the reduced transmittance of the lens specimens 
relative to the reference stock specimen. These processes, all of which 
would be relevant in a CPV module, may follow from the limitations of 
the manual polishing process used to smooth the inside of the lens 
specimens after the facets were removed by milling. For example, the 
>~2% loss between the KACST-R-07 coupon and the theoretical Xd may 
follow from factors including surface waviness as well as the limited 
parallelism of the manual polishing of the faceted surface of the lens 
coupons. 

3.3. Subsequent coupon examinations 

The AFM surface-roughness measurements for pieces of the lens 
specimens are summarized in Table 2. The table includes the details of 
the host site and its location, design of the lens, specimen history (for 
the references lenses or those fielded on a tracker), cleaning methodol
ogy, and measured roughness. Scratches were clearly evident for the 
warehouse (scrub-cleaned) lens, which has the most significant RFV. A 
lesser density of sizeable features—micrometers in width and milli
meters in length—were observed on all specimens, except the stock-
sheet PMMA. A smaller (on the order of ~10 s of nanometers) localized 
roughness was observed in many areas of the specimens. Areas of 
localized roughness were not as prevalent in AFM and SEM images of 
the warehouse specimen (additional data may be found in Ref. [44]). In 
addition to the differences in morphology, size, and distribution of 
features between the specimens, the measured roughness differs by as 
much as ~2 x between the test and reference specimens. The R^ and 
Rlms values for a polished lens surface (used to quantify haze in 
Figs. 5-7) were less than that of the fielded lenses and the wet-
scrubbed reference lens. A network of scratches was readily observed in 
the microscopy of the milled and polished specimen. The surface 
roughness of all the lenses was at least ~4 x greater that of the stock-
sheet PMMA specimen. Only nanoscale surface texture was observed 
for the stock-sheet specimen. No evidence of crazing or cracking into 



Table 2 
Summary of the surface-roughness quantification of the lens specimens (for 90 ^m x 
90 \im scan size): the average (i?J, root-mean-square (Rtms), and peak-to-valley (i?pv) 
roughness are reported for the AFM scans. 

TIS = 100 1 exp 
I 27iRm, (1 - n) \2 

(7) 

Site 

NREL 

KACST 

KACST 

APS 

APS 

KACST 

N/A 

Site 

location 

Golden 

Riyadh 

Riyadh 

Phoenix 

Phoenix 

Riyadh 

N/A 

Specimen 

design 

M-M 

M-M 

M-M 

M-M 

Intersol 

M-M 

N/A 

Specimen 

history 

Warehouse 

Reference 

Field 20 

years 

Field 27 

years 

Field 22 

years 

Reference 

Stock 

PMMA 

sheet 

Lens 

cleaning 

Wet 

scrubbed 

Spray only 

Spray only 

Spray only/ 

none 

None 

Milled 

+polished 

Kraft paper 

removed 

# a 

{nm} 

86 

48 

84 

64 

124 

45 

11 

S _ 

{nm} 

118 

62 

115 

85 

171 

64 

16 

^ p v 

{nm} 

1630 

870 

1230 

1240 

1700 

1450 

280 

the surface of the lenses was observed in the AFM and SEM 
characterizations [44]. 

Regarding the large scratches on the warehouse lens, the majority 
likely follow from its known history of cleaning, including physical 
contact. It is not clear if the scratches observed on the other specimens 
result from handling or field-related abrasion. Regarding the localized 
nanoscale roughness, it could include both porosity and surface 
contamination, which can be difficult to distinguish between in AFM 
and SEM. Tenacious particulate and surface contamination can remain 
on field-soiled specimens [2]. The extent of the effect of the possible 
contamination of the AFM tip on the measurements is unknown. Still, 
the roughness values should be representative and are provided here 
for subsequent optical analysis of the transmittance. The R& and Rlms 

come to approach the scale of one-quarter wavelength for visible light, 
which would be expected to overtly affect its propagation through 
horizontally aligned features. In the case of vertically aligned rough
ness, however, much smaller structures affect light propagation. For 
example, optical scattering on the order of 2% can follow from the Rlms 

of 10 nm at the wavelength of 631 nm, Eq. (7). The formula describes 
the scattered power at normal incidence for a monochromatic wave of 
light propagating from air into a dielectric medium [100]. Parameters 
in the equation include: the total integrated scatter (TIS, %); the root-
mean-square roughness (Rrms, m); the index of refraction of the 
dielectric medium (n, unitless); and the wavelength examined (X, m). 
The scratches evident on the warehouse specimen might additionally 
affect light propagation if they became dense enough to approach a 
periodic, i.e., grating, structure. The overall roughness of the milled 
and polished specimen is reduced relative to the veteran lenses, but is 
limited by the pattern of surface scratches remaining after the final grit 
used in polishing. The stock-sheet specimen provides a baseline for the 
minimal surface roughness that may be present for recently fabricated 
PMMA. 

Regarding the surface roughness relative to other characterizations, 
the surface roughness of the milled and polished lens is reduced 
relative to the fielded lenses, which would explain the improved optical 
transmittance and reduced haze from the polishing of the faceted 
(bmp) then incident surfaces (bmp, fp) in Figs. 5 and 6. The roughness 
of the milled and polished lens exceeds that of the stock PMMA, which 
would explain the increased haze with the polishing of the faceted then 
incident surfaces of the reference lens in Fig. 7. That is, the polishing 
process introduces surface scratches to both surfaces of the reference 
lens. The roughness of the lenses relative to the stock PMMA may 
contribute to the different transmittance observed for those specimens 
in Fig. 8. Reduced optical scattering would be expected for the 
smoother stock PMMA specimen. 

The results of cross-sectional microscopy are shown in Fig. 9 for the 
incident surface of the lens and in Fig. 10 for the faceted surface of the 
lens; the radius of the facet tips and groove valleys is summarized in 
Table 3. Figs. 9 and 10 primarily compare KACST-R-08 (the palletized 
reference) and KACST-O-08 (fielded on a tracker). A hash mark on the 
left of each image in Fig. 9 indicates the location of the interface 
between the potting epoxy and the lens. The M-M lens specimen from 
APS is also shown in Fig. 9, where voids on the order of tens of 
micrometers were observed. The observed porosity extends at least 
1 mm on the surface of APS-O-08. Because the location of the epoxy/ 
specimen interface is difficult to discern in the image, the true location 
of the interface may be closer to the top of the specimen than indicated 
in Fig. 9. Other samples, including the APS Intersol lens, were not 
overtly affected other than local surface roughness (i.e., waviness) at 
high magnification. No evidence of crazing or cracking into the surface 
of the specimen was observed in the cross-sectional AFM and SEM 
characterizations. 

Representative images of the facet tip and groove valley are shown 
in the insets of Fig. 10. The valley radius was similar (within the margin 
of error) between all lenses examined. The tip radius, however, was less 
for the APS Intersol lens. Within the measurement variability, the tip 
radius for the APS M-M lens was also less than that of the KACST and 
warehouse lenses. 

Regarding the porosity observed on the APS-O-08 lens surface in 
Fig. 9, this readily explains the reduced n0 for the lens, where 
significant optical scattering would be expected based on the observed 
pore size. Further, the depth of the pores explains why the lens 
performance was not restored with polishing, which restored the n0 

of the other veteran lenses. The pores in APS-O-08 may have formed 
when a volatile solvent locally dissolved the subsurface of the lens. For 
example, jet fuel or another chemical present at the Sky Harbor airport 
may have dissolved the subsurface of the APS-O-08 lens. The Intersol 
lenses, which were only fielded later at APS-STaR, would not have been 
affected by a chemical present at the Sky Harbor airport. The rounded 
morphology of the pores suggests that the damage results from 
material dissolution rather than from ESC. Only if a significant wind 
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Fig. 9. Comparison of the integrity of the incident surface of the lens specimens. Representative optical microscopy images are shown for the KACST lenses (reference and fielded 20 
years) as well as an APS lens (fielded 27 years). The location of the interface between the potting epoxy and the PMMA lens is indicated with a hash mark at the left of each image. 
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Fig. 10. Comparison of the lens facet geometry for the reference and fielded KACST specimens. Representative optical miscopy images are shown for the faceted surface of the lens 
(center, at lesser magnification), the facet tip (left, at higher magnification), and the facet valley (right, at higher magnification). 

Table 3 
Summary of the prism tip (Rt) and valley (Rv) radius for the various lens specimens. 
Estimates given from the average ± 1 S.D. were obtained from scanning electron and 
optical images of sectioned coupon specimens. 

Site 

NREL 
KACST 
KACST 
APS 
APS 

Site 
location 

Golden 
Riyadh 
Riyadh 
Phoenix 
Phoenix 

Specimen 
design 

M-M 
M-M 
M-M 
M-M 
Intersol 

Specimen 
history 

Warehouse 
Reference 
Field 20 years 
Field 27 years 
Field 22 years 

Rt 
lum} 

29 ±1 
35 ±11 
20 ±7 
15 ±2 
6 ± 5 

Rv 
lum} 

7 ± 1 
4 ± 3 
3 ± 1 
8 ± 3 
4 ± 1 

or other load were present might environmental stress cracking have 
contributed to the surface damage. Another possibility is that the pores 
were formed when the lens was manufactured, i.e., boiled material, 
where the machine processing pressure was too low. 

The tip and groove radii of the KACST lenses were bigger than the 
intended 2.5-um prism radius, which would be expected to reduce lens 
performance. In comparison, the radius on contemporary lenses may 
approach 1 or 2 urn. The similar radii between test and reference 
specimens (KACST 20 years relative to KACST reference and NREL 
warehouse), however, suggest that prism geometry cannot explain the 

measured loss in lens n0. To more thoroughly quantify the extent of 
optical loss from the prisms (e.g., blocking of light from total internal 
reflection or light scattering) would require a formal optical analysis, 
not examined here. Some of the variability in Table 3 results from the 
limited number of measurements (six) used in the experiment. Because 
the same (or similar) diamond tools are typically used to create the 
mold pattern, however, the tip radius should not vary significantly 
across the lens. Another factor affecting tip radius and its variability is 
the quality of the production run, which may depend on the machine 
condition, time of operation, operator, and other factors. Lastly, the 
smaller tip radii for the APS lenses suggest a different manufacturing 
vendor, which is consistent with the unique UV-VIS fluorescence 
spectra for those two lenses. 

The results of the GPC analysis are summarized in Table 4, 
including the various molecular-weight parameters and the polydis
persity. Measurements are compared between material sampled from 
the incident surface and the faceted surface of the lenses. The average 
difference between the faceted and incident surfaces for all specimens 
is identified at the bottom of Table 4. Regarding the measurements, the 
faceted-surface values (e.g., Mp and Mw, which were used as reference 
values relative to the incident-surface values) are not particularly 
consistent, but typically exceed 80,000 g mol - 1 . The average difference 

Table 4 
Summary of the molecular-weight characterization of the lens specimens, including the peak (Mp), number average (Mn), and weight-average (Mw) weights, as well as the polydispersity 
(PD). The module design is distinguished between the manufacturers: Martin-Marietta (M-M) or Intersol. 

Site 

NREL 
NREL 
KACST 
KACST 
KACST 
KACST 
APS 
APS 
APS 
APS 
All 

Site 
location 

Golden 
Golden 
Riyadh 
Riyadh 
Riyadh 
Riyadh 
Phoenix 
Phoenix 
Phoenix 
Phoenix 
All 

Module 
make 

M-M 
M-M 
M-M 
M-M 
M-M 
M-M 
M-M 
M-M 
Intersol 
Intersol 
All 

Specimen 
history 

Warehouse 
Warehouse 
Reference 
Reference 
Field 20 years 
Field 20 years 
Field 27 years 
Field 27 years 
Field 22 years 
Field 22 years 
All 

Lens 
surface 

Incident 
Faceted 
Incident 
Faceted 
Incident 
Faceted 
Incident 
Faceted 
Incident 
Faceted 
(Faceted-incident) 

Mp 

{gmor1} 

81,000 
109,000 
51,000 
84,000 
52,000 
73,000 
48,000 
73,000 
47,000 
65,000 
25,000 

Mn 

{g mor1} 

32,000 
34,000 
23,000 
31,000 
24,000 
29,000 
20,000 
31,000 
22,000 
31,000 
7000 

M„ 
{gmor1} 

90,000 
102,000 
59,000 
91,000 
60,000 
85,000 
57,000 
84,000 
56,000 
76,000 
23,000 

PD 
{unitless} 

2.77 
2.99 
2.64 
2.97 
2.54 
2.97 
2.95 
2.72 
2.50 
2.44 
0.14 



between the field-facing incident surface and module-interior-facing 
faceted surface is comparable for the field-aged KACST 20 years 
specimen and the KACST reference specimen. Regarding the molecu
lar-weight distribution profiles, the similar PD values for all specimens 
identifies that their distribution of the molecular weight is similar, 
despite factors including specimen history and the surface location. 

By reducing the molecular weight, UV chain scission of the surface 
can embrittle PMMA [2], which would make it more subject to fracture, 
crazing, or ESC. Veteran M-M lenses fielded in Phoenix that were 
subsequently steady-state weathered using a Xe source irradiance of 
114 W m " 2 (for 300<X<400 nm), chamber temperature of 60 °C, and 
RH of 60% [43] demonstrated a change in molecular-weight para
meters on the order of three times that of the difference between the 
faceted surfaces and incident surfaces in Table 4 [44]. Through the 
course of weathering, the artificial-aged specimens each developed a 
network of through-thickness cracks with significant cracking and 
spalling of the incident surface. The molecular-weight parameters for 
the incident surface of those specimens were on the order of 10,000, 
i.e., the embrittlement threshold where PMMA can no longer craze 
during deformation [2]. The limited difference in molecular weight 
between the incident surfaces and faceted surfaces relative to the 
discolored material in Ref. [43], however, suggests limited UV damage 
for the fielded veteran specimens. 

The Mw for the veteran M-M lens fielded in Phoenix (obtained from 
the outer 100 um of the first surface in Table 4) is less than the Mw of 
70,000 g mol - 1 obtained from the outer 200 um of the first surface of 
the veteran M-M specimens fielded in Phoenix in Ref. [10]. Although 
the analysis in Table 4 was performed using a different instrument, it is 
consistent with the depth profile for UV damage identified in Ref. [10], 
where the greatest damage would be expected at the incident surface. 
Regarding the PD of the specimens Table 4, their similar values imply 
that UV damage at the irradiated surface occurs through the process of 
random chain scission. 

Regarding the Mw of unaged PMMA, the Mw for the NREL ware
house specimen in Table 4, which was stored in a dark wooden box 
through much of its life, exceeds 100,000 g mol - 1 . Ref. [10], which 
examines material sectioned from within the bulk of the veteran M-M 
lens fielded in Phoenix, suggests that Mw may approach 
110,000 g mol - 1 . This value might be used to interpret Table 4. The 
value of 110,000 g mol - 1 , however, exceeds the molecular-weight 
values in Table 4 for the faceted surface of the lenses. 

Factors that might explain the variety of molecular weights 
obtained for the faceted surface of the lens include: the make and 
formulation of material (additional characterization suggests that the 
APS-STaR lenses are different than the other lenses); through-thick
ness UV damage; leaking of light to the faceted surface around the 
edges of the lens (particularly for the palletized KACST reference 
lenses); and damage to the material during lens fabrication. It is 
presently unknown which (if any) of these factors apply to the lenses in 
Table 4. 

4. Discuss ion 

M-M anticipated a lens design with an n0 of 85% [33], subject to UV 
degradation at the rate of 1% per decade [27]. Although the n0 of ~85% 
was observed in Table 1 for the reference specimens, an ~10% loss in 
performance was observed for the ~20-year veteran lenses. The series 
of measurements above can be used to identify the damage mode(s) 
most significantly reducing the n0 of the veteran lenses. 

The curvature of the lenses, which is convoluted with the lens n0 

measurement because of the folded M-M lens design, provides a 
limited effect on n0. A modest magnitude of effect follows from the 
comparison of the measurements for the entire lens and the lens center 
in Table 1, where little change in n0 with the focal distance is observed 
for the masked lenses. For a CPV module, curvature may be reduced 
further by the added physical constraints occurring when the lens is 

mechanically mounted to the module. Curvature might be further 
reduced by the module designer by using a thicker lens. Lens curvature, 
however, is undesirable in CPV because it can introduce effects and 
subsequent losses at each cell; mismatch between cells can be amplified 
by the range of curvatures intrinsic to different lenses as well as the 
tolerance of alignment and assembly of the lenses to the module. 

Comparison of the wavelength-specific results in Fig. 4, where the 
n0 of the veteran lenses in the shorter-wavelength hot-mirror results is 
less than the n0 of the longer-wavelength cold-mirror measurements, 
suggests that the performance of the veteran lenses is reduced by 
optical scattering. Subsequent measurements were performed on 
milled and polished specimens to successively remove the effects of 
the lens facets and roughness present on the incident surface. The 
spectrophotometer measurements (including Fig. 5-7) further confirm 
loss of n0 from optical scattering, quantifying the magnitude of loss as a 
function of wavelength. The spectrophotometer measurements impor
tantly do not identify significant optical absorption from discoloration, 
which may vary significantly with the formulation of PMMA used in the 
lens [43]. The VLABS measurement, Fig. 8, confirms the significance of 
optical scattering. Fig. 8 is also a reminder of the detrimental effect of 
optical-haze generation in CPV systems, which cannot harvest diffuse 
light because of their limited acceptance angle. 

The subsequent characterizations in this study provide perspective 
on the source of optical scattering for the veteran lenses. The vertical 
surface roughness is observed in to be increased on the order of 10 s of 
nanometers, sufficient to cause optical scattering. Voids as large as 
100 s of nanometers in diameter were uniquely observed in Fig. 9 for 
the incident surface of the veteran M-M lens fielded in Phoenix. 
Although these features might explain the substantial optical scattering 
and reduced optical transmittance of that specimen, no similar features 
were observed in any of the other lens specimens. Tip radii larger than 
intended were observed at the prism tip and valley in Table 3, but there 
was no strong distinction between the veteran and reference lenses to 
suggest an increase in radius and corresponding optical scattering with 
age. The operating temperature for the veteran lenses is believed to be 
well below the glass-transition temperature of PMMA, which would 
prevent physical aging from contributing to facet rounding. Some 
decrease in molecular weight from UV aging is implied in Table 4 from 
the comparison of the incident and faceted surfaces of the lenses, but 
no critical loss of molecular weight, approaching the threshold for 
material embrittlement, was observed. The lack of cracking or crazing 
in AFM and cross-sectional microscopy as well as the less-than-critical 
decrease in molecular weight suggest that crazing, microcracking, and 
ESC do not contribute to optical scattering for the lens specimens. The 
majority of the decrease in optical performance for the veteran lenses is 
therefore likely caused by the abrasion and subsequent roughening of 
the incident surface of the lenses. It should be noted that soiling— 
where a thin base layer can become effectively permanently bound to 
the incident surface [2]—is not examined in this study. Soiling could 
also contribute to optical scattering based on the added surface 
roughness of the layer of accumulated material in addition to the 
optical characteristics of the surface contamination, i.e., increased 
absorptance, reflectance, and scattering. Well-adhered contamination 
on the Intersol lenses at APS-STaR (the only lenses that were not 
cleaned through their use) may contribute to their greater surface 
roughness and/or optical scattering. 

An increase in the surface roughness of the veteran lenses may follow 
from abrasion of their first surfaces. It remains to be established if natural 
erosion from the environment or artificial abrasion (e.g., from cleaning for 
site maintenance) typically dominates the abrasion of CPV installations. 
From , it might be expected that natural erosion most affects the veteran 
lenses in this study because of the non-contact methods used to clean the 
lenses. Regarding the dominant source of abrasion, the industry presently 
lacks PV-specific abrasion test method(s). Popular methods in other 
industries (including falling sand, forced sand impingement, and machine 
abrasion tests) are, however, reviewed in Ref. [101]. 



Based on the examinations here, the damage to the lenses appears 
to occur primarily at their first surfaces, rather than in the bulk of the 
material. Especially for PMMA lenses, degradation including surface 
roughness, surface contamination, and near-surface UV damage can be 
reduced by polishing the first surface. The literature suggests that 
mechanical polishing or chemical etching is specifically required [2] to 
remove well-adhered surface contamination from PV first surfaces. 
Although the technical feasibility of mechanical polishing has been 
demonstrated in Ref. [102], the economics remain to be analyzed. The 
cost/benefits may depend on site-specific factors, including damage 
rate and corresponding required frequency of polishing as well as 
proximity of the installation to maintenance resources. 

5. Conclusions 

The optical performance of lenses from veteran CPV modules was 
examined after the end of their service life. A reduction in optical 
efficiency of greater than 10% was observed for some lenses. Therefore, 
the lenses were subjected to further study to better quantify their 
optical performance and to identify the responsible degradation 
mode(s). 

The most significant optical loss followed from light scattering. 
Scattering was found to result from roughening of the incident surface, 
not to a change in the radius of the prism tips or valleys. Based on AFM 
and SEM, as well as the known cleaning history of the installation sites 
(spray-clean only), natural abrasion is identified as roughening the 
surface of the veteran lenses studied here. The measured roughness of 
the lens specimens was increased by 10 s of nanometers, being at least 
~4 x that of the surface of a fresh PMMA stock specimen. Although it 
was not examined here, soiling of the first surface may also contribute 
to optical scattering through increased roughness as well as optical 
effects. Well-adhered contamination on the Intersol lenses at APS-
STaR (the only lenses that were not cleaned through their use) may 
contribute to their greater surface roughness and/or optical scattering. 
Change in curvature of the lenses (and their corresponding focal 
distance) was observed, but the optical effect was not significant for 
the central portions of the lens, where the folded optical design used in 
the M-M modules was absent. 

From the additional examinations, several degradation modes were 
found to be irrelevant to the veteran lenses examined here. With 
minimal rounding of the optical cut-on profile discoloration and 
consequent optical absorption did not significantly contribute to the 
reduced optical efficiency of the veteran lenses. With minimal shift in 
the UV cut-off wavelength, the PMMA formulation was found to be 
stable through the service life. Verification of material stability by using 
accelerated-weathering testing could help ensure similar results for 
contemporary PMMA formulations. Crazing, microcracking, and en
vironmental stress cracking also did not significantly contribute to the 
reduced optical efficiency of the veteran lenses. No evidence of these 
modes was observed in surface microscopy (AFM and SEM) or cross-
sectional examinations (optical and SEM). Furthermore, although 
random UV-facilitated chain scission is implied from the lesser 
molecular weight at the incident surface of the lenses, the observed 
molecular weights were not below the threshold of 10,000 g mol - 1 for 
weight-averaged molecular weight typically found to embrittle the 
PMMA, readily facilitating crazing or cracking. 

Voids extending below the first surface were found to reduce the 
optical efficiency of the veteran Martin-Marietta lenses fielded in 
Phoenix. Many of the voids, approaching hundreds of nanometers in 
size and extending hundreds of micrometers into the surface, were not 
removed after polishing the incident surface. The voids may uniquely 
follow from solvent interaction, possibly occurring during the sample's 
brief history of deployment at the Phoenix Sky Harbor airport. None of 
the veteran lenses from other locations demonstrated the same coarse 
surface porosity. 
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