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Abstract. REhnu has built and tested two 6 kW CPV-T trackers using dish-receiver architecture. In these trackers, only
the light collection elements are large, namely mirrors on dual axis trackers. The inherently small parts, the multijunction
cells, are packaged in a small, inexpensive receiver at each mirror focus. Optics in the receiver apportion the intensely
focused sunlight equally to many cells, for high optical efficiency and simplified manufacture. Heat is removed by
recirculated liquid. The tracker carries eight 2.7 m2 mirrors and receivers. The CSTC DC efficiency of the individual
mirror receiver units is measured at 32.5%. When used for electrical generation alone, the tracker system delivers an AC
electrical output of 6.27 kW to the grid, referenced to a solar flux of 1 kW/m2 DNI and 20°C ambient temperature,
corresponding to a total CSOC system efficiency of 29.1%, matching the best grid-connected system efficiency reported
for any CPV system4. When used to generate also a thermal output of 9 kW at 64°C, the electrical efficiency of the
tracker was reduced by 0.8%, while the total efficiency, thermal plus electrical, rose to 77%.

INTRODUCTION
A fundamental advantage of CPV over conventional PV is the much higher conversion efficiency of
multijunction PV cells. The cost per watt of the cells themselves can also be much lower if they are operated under
strongly concentrated sunlight, however the overall cost of CPV systems has not yet been able to compete with PV.
To do so, at large (100 MW) scale their installed cost needs to be less than $1/watt. This requires a lower cost
approach than taken so far for the delivery of concentrated sunlight to the cells, and for their packaging and cooling.
A low cost way to bring large areas of sunlight to a point focus has been proven in solar installations already
generating hundreds of MW, namely the fields of mirrors used to power central receiver CSP. The installed cost of
such fields, comprising mirrors on accurate dual axis trackers, is currently $130/m2, and it is projected by the DOE
to reach $75/m2 in the next generation of CSP1. If sunlight concentrated by mirrors installed at these projected costs
could be coupled to multijunction cells in a system with an overall conversion efficiency of 40%, as should be
achievable in a few years, then these costs per square meter translate to $0.19/watt. If the added cost of
multijunction cell conversion could be held at a commensurately low level, then CPV could become a serious
challenger to PV, and even fossil fuel, in those areas of the globe with strong direct sunlight.
The solar reflectors used for CSP, in trough plants as well as in heliostat fields for power towers, are made with
back-silvered glass mirrors. A typical mirror is a single piece of 4 mm thick glass, a few square meters in area.
Simply supported on four points, such mirrors hold their shape to milliradian accuracy and are proven to survive in
the field with an MTBF of a few hundred years. Since the solar power input needed to power a single
electromechanical CSP turbine may be as high as 1 GW, hundreds of thousands of such mirrors are oriented on dual
axis trackers to direct sunlight to a single, immensely powerful focus. In our case, where each MJ cell converter
needs just tens of watts of solar power input, it is more convenient to direct sunlight to form a solar focus of a few
kW local to each mirror powering multijunction cells in a receiver attached to the tracking mount. This is the CPV
strategy adopted by REhnu.
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MIRROR TO CELL COUPLING
Figure 1a is a schematic of the unique mirror-to-cell coupling used by REhnu. The mirror is shaped as a
paraboloid and forms a point focus when oriented to the sun. The intense light enters a small receiver where unique
optics apportion it equally among many cells. The cells thus generate equal current and may be simply connected in
series.
The ball lens at the receiver entrance forms a small image of the mirror within the receiver. Secondary funnel
reflectors across the image direct the concentrated sunlight onto the separated cells and away from the electrical
connections made on actively cooled ceramic circuit boards. This design has good tolerance to mispointing because,
as illustrated in the figure, sunlight rays that enter at a slight angle to the paraboloid axis are imaged by the ball lens
to the same place on the secondary reflectors. Thus the equal division of concentrated sunlight is maintained.
By contrast, in conventional CPV equal division is ensured by dividing naturally uniform sunlight before
concentration, often by individual Fresnel lenses. This design choice and the resulting bundling of the optics, cells,
and heatsinks have led to large, heavy modules which are uncompetitive with conventional PV. In our design the
only large element is the primary solar reflector which is kept as simple as possible. The small cells, along with their
light dividing optics, electrical connections, and thermal management components, are all in a small package near
the focus that weighs around 30 times less per watt than a conventional PV module. This weight and size reduction
results in a system that costs much less on a per watt basis to manufacture and install. The heat that is wasted in
conventional CPV and PV modules is collected by heat transfer fluid and is available for use.

(a)

(b)

FIGURE 1. (a) Optical diagram of REhnu dish/receiver. (b) REhnu receiver in operation.

MIRROR AND RECEIVER DESIGN
The mirrors used in REhnu’s 8-mirror generator are axisymmetric paraboloids of 1.5 m focal length. They are
square, 1.65 m on a side with area 2.7 m2, and are made from a single piece of B270 glass 4 mm thick by the method
described previously by Stalcup2 and elsewhere in this conference by Angel3. The back surface is coated with silver
and then overcoated with copper and paint for protection. The mirrors are supported by four aluminum pads attached
by silicone adhesive.
The receiver at each mirror focus is as shown in Fig. 1b. The field entrance lens is an 87 mm diameter ball lens
of fused silica which forms a 6.5 cm square image of the mirror at ~ 500x concentration. This pupil image has a
sharp boundary and is stabilized against pointing errors. The receiver uses 8.8 mm square triple junction cells made
by Solar Junction which are mounted on aluminum nitride circuit cards as shown in Fig. 2a. The receiver uses four
of these cards, each one having three groups each of three cells connected in parallel with its own bypass diode. An
array of planar roof and side reflectors across the pupil image directs the concentrated sunlight onto the active areas
of the cells and away from the surrounding circuitry.
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Each circuit card receives 500W of solar power input and generates 300W of thermal output in addition to 200
W of electrical output. The heat is conducted through the circuit card to three rows of skived copper heatsinks
attached to the back by thermally conductive adhesive as shown in Fig. 2b. The coolant is directed by a manifold
from the centers of the fin rows to their edges, as shown in Fig. 2c. In operation, the flow rate per card is 2.7
liters/min at 1000 Pa pressure (45 mW of mechanical work) and the cells run between 15 and 20°C above the
coolant temperature.

(a)

(b)

(c)

FIGURE 2. (a) Nine multijunction PV cells on a 50 x 50 mm ceramic circuit card providing 200 W of electrical power.
(b) Skived copper heat sinks mounted to the back of the card. (c) Coolant manifold in place on heat sinks showing
coolant flow path.

ON SUN PERFORMANCE OF AN 8-MIRROR GENERATOR
The REhnu M-8 generator shown in Fig. 3 carries eight mirrors and receivers on a dual axis tracker built by
REhnu, with steel parts fabricated by Grupo SOGO S.A. The eight mirrors are mounted on a conventional fishbone
elevation structure with eight cross ribs and four attachment points per mirror. Four “tee” structures attached to the
fishbone spine support the receivers above the mirrors. Tracking motion in elevation is driven by a linear screw
actuator and in azimuth by a slewing bearing. Orientation to the sun is measured to better than 0.02° accuracy by a
camera based solar disc tracker. The supporting pedestal is a hexapod of steel angle iron, secured to the ground by
three screw anchors. No concrete is used in the foundation.
The receivers are cooled by water with antifreeze, circulated through hoses within the spine and “tee” structures.
A single fan-radiator unit attached to the tracker spine is used to dissipate the heat, or it may be transferred for
external use (CPV-T) via a liquid/liquid heat exchanger. A 1.2 m diameter fan is turned at 260 rpm by a motor
drawing 29W, and the coolant flow rate of 50 liters/minute is by an Iwaki pump drawing 39W.
The electrical outputs from the eight receivers are connected in series. The overall DC electrical performance
was measured using a high-power resistive load bank, visible immediately to the left of the hexapod in Fig. 3. An IV
curve measured for the full system when the DNI was 978 W/m2 is shown in Fig. 5a. Here the maximum power was
6.22 kW, obtained at 22.3A and 279V, with a filling factor of 77.3%. Given the total mirror area of 21.6 m2, and
after correcting to a cell temperature of 25 C, we derive a system CSTC DC conversion efficiency for the full
generator of 31.7%. Using built-in instrumentation to measure the PV voltages across individual receivers and cell
groups, we find the individual receivers have filling factors ranging from 77.0% to 80.3%, and CSTC efficiencies
ranging from 31.6% to 32.5%.
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FIGURE 3. Tracker in operation at the Solar Zone of the University of Arizona Tech Park.

The generator is connected to the grid via an Allen-Bradley Uno-7.6 inverter. The actual AC output to the grid
over a day, November 12, is shown in Fig. 4b. It can be seen that the raw power output peaks at nearly 6 kW at the
middle of the day, but the efficiency as measured by the ratio of AC power to DNI is highest at the beginning and
close to the end of the day. This trend is illustrated in Fig. 5, which shows through the day the overall system DC
and AC CSOC efficiencies referenced to a 20°C ambient temperature. Before 9 am there is some shadowing due to
surrounding structures, but immediately after 9 am when there is no shadowing the DC string CSOC efficiency
peaks at 31%. It drops to 30.2% around solar noon (12:30 pm) and recovers to 30.5% later. This we attribute to
changes in the solar spectrum over the day, with the highest efficiency observed at 9 am at AM 2.4.

(a)

(b)
FIGURE 4. (a) Full generator IV Curve. (b) AC power and DNI measurements for a clear day
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The AC CSOC efficiency peaked at 9 am at 29.1%, when the DC CSOC string efficiency was 31.0%. The losses
in efficiency include inverter loss (0.6%), wiring loss (0.9%), and parasitic loss of 68W from the cooling system
when thermal output is not used (0.4%). The individual module CSOC efficiencies ranged from 31.4% to 30.4%,
with this range due to some alignment errors and variations in individual cell efficiencies between units. Figure 5b
shows the accumulated production of 1 MWh of energy to the grid over 50 winter days in January and February.
The typical daily production on clear days was 45 kWh.

(b)

(a)

FIGURE 5. (a) DC and overall system AC efficiency on 11/12/2016. (b) Cumulative energy production over 50 days in
January and February.

CPV-T performance on a different day is shown in Fig. 6. The initial AC CSOC efficiency is lower than the
29.1% reported for 11/12/2017 due to the spectral effects around midday when the measurements were made, along
with some mirror soiling. The coolant output temperature was increased from 41°C to 64°C as the efficiency of heat
removal was decreased by reducing the fan speed and partially blocking the airflow. The AC system efficiency was
measured to drop from 27.4% by 0.8% to 26.6%, while the cell temperature rose to 80°C. Thus in return for a
thermal output of 9 kW at 64°C, the electrical power was reduced by only 0.2 kW.

FIGURE 6. Measured efficiency as a function of thermal output temperature.
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CONCLUSION AND FUTURE DIRECTIONS
The results described were obtained at REhnu’s first 8 mirror-receiver generator, the first of four 8-M units
planned for installation at the Green Valley Pecan Company near Tucson, Arizona. They show that in practice the
generator matches the grid-connected system efficiency of the best CPV systems4, while also allowing for hybrid
production of heat with small impact on electrical output. Five additional 8-M trackers are now being installed at the
University of Arizona’s Tech Park as shown in Fig. 3.
REhnu is exploring a CPV-T application for its 8-M generators in copper mines. Already the world’s largest
industrial user of solar thermal energy is a Codelco copper mine in Chile. It uses 150 MWh of solar heat per day to
heat electrolyte to 50°C in the electro-winning of 330 tons of copper5. No solar electrical power is generated by this
installation, however if 3,000 REhnu M-8 units were used to generate the same quantity of heat they would provide
also 18 MW of electrical power.
While dish-receiver architecture is favourable for CPV-T, as demonstrated here, it also has the potential for
lowest-cost production of electrical power alone. Figure 7 shows a complementary CPV-only concept now being
prototyped that is optimized for highest optical efficiency and simplicity. The collector mirrors are off-axis segments
to avoid obscuration by the receivers, which therefore need not be very small. The cells can then be more widely
spread apart in the receiver, so that cooling can then be accomplished by forced air convection, avoiding the cost and
complexity of liquid coolant circulation. Uniform division of light to the cells is made by a “fly’s eye” lens array at
the back of the receiver. The dual axis tracker is mechanically balanced to simplify tracking.

FIGURE 7. Dish-receiver concept optimized for low cost CPV-only.
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