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Abstract. REhnu has now built up a year of experience operating two M-8 CPV generators with dish-receiver
architecture described in Stalcup et al. 2017 [1]. The M-8 generators use 8 primary collector mirrors made of backsilvered low-iron glass, 1.65 m square with a 1.5 m focal length. Small sealed receivers at each dish focus house 36 Solar
Junction 3J cells operating at 950x concentration. Over the year of operation, a good measure of output power vs DNI
and atmospheric conditions has been obtained. The efficiency varies through the day depending on air mass. The system
is currently best matched to the solar spectrum at air mass 2. The daily peak CSTC efficiency averages 31%, with
seasonal variation of ±1% through the year, peaking at 32% in August. Several improvements were made over the year to
ensure reliability and to improve optical throughput. A dry air purging system has mitigated damage to the cells from
moisture. Material upgrades to secondary reflectors in the receiver have resolved a runaway failure mode that went
previously undetected due to inadequate testing time.

INTRODUCTION
The REhnu Inc M-8 generator [1], shown in Fig. 1a, is an 8-module system, each module consisting of a 2.7 m2
dish collector with a focal length of 1.5 m, and a receiver placed at the focal point, shown in Fig. 2a. Figure 1b
shows schematically the optical layout of the 800 W module. The primary mirror focuses light to the center of a
spherical fused quartz lens. The lens forms an image of the primary on the secondary reflector frame, shown in Fig
2b, distributing the light in the image evenly to the cells, which are mounted on aluminum nitride circuit cards (Fig.
2c). The circuit cards contain 3J GaAs based air-matched cells, shown in Fig. 2b, which are separated and
illuminated individually by optical division. The optical elements ensure equal division of light between the cells
and provide tolerance to mispointing. The system can achieve high efficiency if optical losses are minimized.
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FIGURE 1. a) M-8 unit at University of Arizona Tech Park, b) Optical layout of an 800W module
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FIGURE 2. a) 800W REhnu receiver, b) Secondary reflector frame, c) 200 W cell card

M-8 PERFORMANCE
The M-8 installed at the University of Arizona Tech Park has now been operational for over one year, and has
over 3000 hours of on-sun time. Here we report on performance and on several problems, that were discovered and
subsequently solved to improve both performance and reliability.
The electrical output is closely monitored, with IV curves of the individual 8 mirror modules taken every few
minutes through the day. From these data we determine the CSTC module efficiency, i.e. the ratio of DC electrical
power output of the receiver to the input sunlight power, normalized to 1000 W/m2 DNI and 25°C cell temperature.
The annual average CSTC power output for the full M-8 system is 6.7 kWp.
It was found that the efficiency varies both through the day and seasonally through the year. The peak efficiency
recorded for each day and plotted for each day through the year in Fig. 3 has an annual average of 31%, with
seasonal variation of ±1%, peaking at 32% in August. This variation is likely due to changes in precipitable water
vapor, which also peaks in August during the Arizona monsoon season. Water absorbing in the infrared causes a
significant reduction in DNI but not in the output of the triple junction cells, thus increasing the efficiency.
Efficiency varies also systematically through the day, as shown in Figure 4a for a typical clear day in October. The
system achieves optimal spectral matching in AM2 conditions.
Measurements over a 3-month period with an M-8 unit connected to the grid show that the daily AC energy
production is proportional to the DNI integrated over the day, as shown in Fig. 4b. The constant of proportionality
(shown by the best fit red line), is 5.33 kWh/day for integral DNI of 1 kWh/m2. For Tucson, with a long term daily
average of 7.0 kWh/m2/day [2], this corresponds to an average daily production of 37.3 kWh, and a specific yield
(kWh/kWp) of 5.6 hours/day.

FIGURE 3. Daily peak efficiency over one year

020004-2

(a)

(b)

FIGURE 4. a) Typical system performance on a clear day, b) On-grid performance (kWhrAC/Daily DNI)

RECEIVER IMPROVEMENTS
Several improvements to the system have been made, including increased optical throughput of the ball lens via
two-layer sol-gel based anti-reflection coatings, and improvements to system reliability. Major reliability
improvements include humidity control and secondary reflector material durability.

Humidity Control
To date REhnu has used open, non-encapsulated cells, which yield some increase on a slight gain in efficiency,
but at the cost of reliability. For open cells it is important to control the cell chamber atmosphere, specifically water
vapor content, to mitigate damage and corrosion of the metallization. Initial REhnu receiver prototypes included
dried and hermetically sealed cell chambers to prevent damage, however this approach failed when it was
discovered that the silicone adhesives used to bond the cell cards to the reflector frame were permeable to water
vapor. This problem was initially resolved by flowing nitrogen gas through the receivers at a rate of 0.2 cubic feet
per hour, which kept the relative humidity below 2.5% during normal operation and below 10% during extended
periods of heavy rain. The downside of this approach is the monthly maintenance requirement of changing out
nitrogen tanks. With this in mind, the nitrogen gas system was replaced with a dry air system in which air is
compressed in a desiccant filled tank and flowed through the receivers at the same 0.2 cubic feet per hour rate. The
desiccant has a 2-year lifetime before needing replacement. While this is a much better option than using nitrogen, it
is not desirable on the megawatt scale. Therefore, the next step is to remove the gas purging system altogether and
encapsulate the cells with borosilicate cover glass, anti-reflection coated by a leaching process [3]. This will allow
the receivers to operate in ambient air without risk to the cells.

Secondary Reflector Durability in Air
Approximately four weeks after switching the purge system from nitrogen to dry air, a fatal flaw was discovered
in the secondary reflector material. Several receivers recorded extremely high reflector frame and cell temperatures
which increased exponentially with time until failure. Upon inspection, it was found that the secondary reflectors
were both discolored (shown in Fig. 5a) and softened. The silicone adhesive that was used to bond the reflectors to
the frame was also completely embrittled, indicating heating to > 250°C.
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FIGURE 5. a) Discolored secondary reflector, b) Shadowed area on a reflector

Characterization of Degradation

Reflectivity loss
(%)

Upon inspection of the entire reflector assemblies in the failed receivers, it was discovered that some reflectors
were degraded to higher degrees than others. Some reflectors displayed a bluish scattering effect partially covering
the surfaces with some undamaged regions, while some had visible tarnish covering the entire surface. These two
degrees of degradation are shown in Fig. 6a and are referred to as moderate (left) and severe (right). To characterize
the effect on performance, reflectivity measurements were taken for each type of degradation. Figure 6b shows a
plot of relative reflectivity loss compared to an unused reflector. A value of zero indicates no change in specular
reflectivity while a value of 100 indicates a complete loss in specular reflectivity.
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FIGURE 6. a) Moderately (left) and severely (right) damaged reflectors, b) Relative reflectivity loss of damaged reflectors

Degradation Mechanism
During the evaluation of the failed receivers, it was discovered that areas which are shadowed from illumination
during normal operation remained undamaged. Figure 5b displays a segment which is shadowed by an adjacent
reflector, in which the shadowed area does not show any form of degradation. This was clear evidence of lightinduced degradation, and was thought that the ultraviolet portion of the spectrum was responsible. To verify this
theory, a bench level experiment was set-up in effort to replicate the effect in the lab. This was accomplished by
using an 800 mW LED at a peak wavelength of 365 nm, placed at a distance from the reflector sample to achieve an
irradiance of 90 mW/mm2. The experiment was run at three different temperatures: 25°C, 150°C, and 250°C, and
was run in both air and nitrogen atmospheres. The tests were run continuously for 96 hours.
The results of the lab tests are summarized in Table 1. In a nitrogen atmosphere, no damage was evident after 96
hours even at 250°C. In air after 96 hours, moderate damage was observed at 150°C, and severe damage was
observed at 250°C. At 250°C in air, moderate damage was observed after only 2 hours of illumination. Lab
replicated damage is displayed in Fig. 7.
TABLE 1. Results of UV exposure testing

Temperature
25°C
150°C
250°C

Result in nitrogen
No damage
No damage
No damage
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Result in air
No damage
Moderate damage
Severe damage

FIGURE 7. Lab replicated UV damage

%Elemental Composition

The reflector material is a commercially available, inexpensive material designed for indoor lighting. The
material consists of a silvered anodized aluminum substrate with dielectric overcoats of Al2O3 and TiO2. To
understand why this light-induced degradation took place, samples of damaged reflectors were sent to the University
of Arizona Department of Chemistry for an elemental depth profile via x-ray photoelectron spectroscopy (XPS). The
analysis revealed elevated levels of oxygen in the silver layer, as shown in Fig. 8. Oxygen and aluminum should be
present in a 3:2 ratio, however in the silver layer the ratio is almost 4:1. On the more severely damaged samples, the
silver signature on the survey spectrum indicated that a significant portion of the silver atoms were in an oxidized
state. A conversation with the manufacturer about these findings revealed that the PVD process used in the
manufacturing did not produce highly robust layers and that the coatings may be porous on the nanoscale. It was
concluded that porous coatings allowed oxygen to permeate into the silver layer under elevated temperatures, and
the high UV flux provided the necessary activation energy for silver to chemically react with oxygen.
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FIGURE 8. Elemental depth profile of a damaged reflector

Solution/New Reflector Material
It was clear that the solution to this problem was to use a reflector material with dense, non-porous layers. This
can typically be achieved by employing techniques such as ion-assisted deposition or ion beam sputtering as
opposed to thermal evaporation in the manufacturing. A new commercially available material was selected from a
different manufacturer, a more robust product used previously in Fresnel lens systems at lower concentrations of
~80X. This material was then subject to UV illumination at 90 mW/mm2 at 250°C. After 800 hours of continuous
illumination, no evidence of degradation or loss in reflectivity was observed.
New receivers were then constructed using this material and installed on the M-8 unit at the University of
Arizona Tech Park. The longest running receiver with the new material has been on the dry air purge for 7 months
with no signs of reflector degradation. All new REhnu receivers are now being constructed with this reflector
material.
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Ball Lens Optical Throughput Improvements
REhnu has developed a two-layer, sol-gel based, broadband anti-reflection coating for fused silica substrates. In
the past, two-layer sol-gel based coatings have been applied to PV glass described in Zou et al. 2013 [4] and to fused
silica in high-powered laser applications described in Sun et al. 2016 [5]. The coating is formed by successive spincoating of two silica suspensions produced by the sol-gel method, each yielding films of a different refractive index
intermediate of air and fused silica, with the bottom layer having a higher refractive index than the top layer. The
films are then cured by a high temperature heat treatment to achieve good durability. The final coating displays
broadband antireflection properties from 400 - 1400 nm as shown in Fig. 9a, as well as good durability over 9
months of on-sun testing as shown in Fig. 9b.
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FIGURE 9. a) Measured reflectivity (X's) and theoretical reflectivity extrapolation (line) of a two-layer AR coating on a
fused silica test slide, b) Coating reflectivity on a ball lens before testing on sun (blue) and after 9 months of testing (red)

CONCLUSIONS AND FUTURE DIRECTIONS
After implementing major improvements to reliability and optical throughput, REhnu’s M-8 system has
demonstrated a stable peak efficiency of 31% ± 1% over the course of one year. The improvements to the secondary
reflector elements were not only critical for system performance and stability, but have also allowed for the
necessary changes to the humidity control system to be made to greatly reduce the overall system maintenance
requirements. The development of cost-effective, robust, broadband anti-reflection coatings has improved the
overall optical throughput of the system, and will become even more important in the future for spectral balancing as
multi-junction cells are expanded to four or more bands.
The next step for REhnu is to expand the pilot plant capacity at the University of Arizona Tech Park to 100 kW,
using 16 M-8 units. The foundations and wiring have been already installed for the remaining 15 units, and the dual
axis trackers have been manufactured. Some design improvements to the receivers will be necessary before scaling
up, the main one being the implementation of anti-reflection coated glass covers to protect the cell cards. This will
effectively eliminate the need for air purging, further reducing the maintenance requirements.
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