IEEE JOURNAL OF PHOTOVOLTAICS, VOL. 5, NO. 6, NOVEMBER 2015

1791

PVMirror: A New Concept for Tandem Solar Cells
and Hybrid Solar Converters

Zhengshan J. Yu, Kathryn C. Fisher, Brian M. Wheelwright, Roger P. Angel, and Zachary C. Holman

Abstract—As the solar electricity market has matured, energy
conversion efficiency and storage have joined installed system cost
as significant market drivers. In response, manufacturers of flat-
plate silicon photovoltaic (PV) cells have pushed cell efficiencies
above 25 %—nearing the 29.4% detailed-balance efficiency limit—
and both solar thermal and battery storage technologies have been
deployed at utility scale. This paper introduces a new tandem so-
lar collector employing a “PVMirror” that has the potential to
both increase energy conversion efficiency and provide thermal
storage. A PVMirror is a concentrating mirror, spectrum splitter,
and light-to-electricity converter all in one: It consists of a curved
arrangement of PV cells that absorb part of the solar spectrum
and reflect the remainder to their shared focus, at which a second
solar converter is placed. A strength of the design is that the solar
converter at the focus can be of a radically different technology
than the PV cells in the PVMirror; another is that the PVMirror
converts a portion of the diffuse light to electricity in addition to the
direct light. We consider two case studies—a PV cell located at the
focus of the PVMirror to form a four-terminal PV-PV tandem, and
a thermal receiver located at the focus to form a PV-CSP (concen-
trating solar thermal power) tandem—and compare the outdoor
energy outputs to those of competing technologies. PYMirrors can
outperform (idealized) monolithic PV-PV tandems that are under
concentration, and they can also generate nearly as much energy as
silicon flat-plate PV while simultaneously providing the full energy
storage benefit of CSP.

Index Terms—Concentrating solar power, concentrator, multi-
junction, photovoltaic cells, solar energy, solar thermal,
tandem.

1. INTRODUCTION

ODULE efficiency is the primary cost driver in the flat-

plate photovoltaic (PV) industry because the module
cost now accounts for less than half of the total installed system
cost [1], [2]. Consequently, in the past five years, commercial
cell and module efficiencies have improved dramatically: In
2014, Panasonic announced a large-area 25.6%-efficient sili-
con heterojunction cell that broke the 14-year-old record for
crystalline silicon [3], and SunPower produced a 25%-efficient
interdigitated-back-contact silicon cell on a manufacturing line
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[4]. These devices are approaching the 29.43% theoretical effi-
ciency limit of a silicon PV cell, as reassessed by Richter et al. in
2012 [5], and are unlikely to exceed 26% as predicted by Swan-
son in 2005 and re-evaluated by Smith et al. in 2014 [4]. The
recent efficiency gains are not limited to silicon; Alta Devices
reported a record 28.8%-efficient single-junction cell based on
its GaAs technology in 2011 [6]. This device is not far off the
33% detailed-balance radiative limit for a single-junction PV
cell with the ideal bandgap of 1.1-1.4 eV [7], [8]. Evidently,
regardless of technology, single-junction PV cells are nearing
their terminal efficiency plateau. What, then, is the next step for
PV? Though many approaches have been proposed to surpass
the single-junction limit [9], [10], only multi-junction devices
have proven successful thus far.

Theoretical analysis shows that by choosing proper materials
with 36 different bandgaps, the efficiency of a multi-junction
PV cell can be as high as 72% [11]. The most developed em-
bodiment of multi-junction PV cells is that of a monolithically
integrated two-terminal device in which wider-bandgap cells
are stacked directly on top of narrower-bandgap cells, sepa-
rated by recombination junctions. With three or four junctions
of III-V materials arranged in this structure, several groups
have successfully produced PV cells that exceed 40% efficiency
under concentration [12]-[15]. However, due to the expense
of the epitaxial growth substrate, III-V precursors, and growth
machines, these cells are restricted to high-concentration (and
space) applications where their cost is discounted by the con-
centration ratio. The penalty of high concentration—in addition
to the cost of tracking—is the loss of all diffuse light, which
accounts for 25% of annual solar energy even in places as sunny
as Phoenix [16]. To reach high efficiencies with respect to the
global incident spectrum, it would be nice to reproduce the suc-
cess of III-V multi-junctions in the much larger flat-plate and
low-concentration markets using cheaper materials and growth
techniques, as was attempted with thin-film silicon PV [17]. Un-
fortunately, current mismatch, lattice mismatch, and processing
compatibility severely limit material choice and device design.

All multi-junction PV cells split the solar spectrum and send
to each sub-cell the wavelengths that it may best use (those
above, but near, the absorber bandgap). The monolithically in-
tegrated multi-junction cells just discussed (as well as four-
terminal stacked cells) achieve this separation through absorp-
tive filtering in which narrow-bandgap cells are illuminated only
with light not absorbed by the wide-bandgap cells above. There
are, however, four other options to split the spectrum: reflective
filtering, refractive filtering, holographic filtering, and lumines-
cent filtering (see Imenes and Mills for a review [18]). These
“optically coupled” multi-junction cells have the advantage that
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current mismatch and cell compatibility are non-issues, but they
have traditionally faced other challenges. The reflective method
uses a dichroic mirror (also called a Bragg reflector), which
is made by stacking high- and low-refractive-index dielectric
layers to transmit only certain bands of light; the rest are re-
flected. Moon et al. reported an outdoor efficiency of 28.5%
under 165 suns with two separate PV cells, made of silicon
and AlGaAs, coupled with a dichroic mirror [19]. Recently,
with a four-junction receiver, Mitchell et al. demonstrated 34%
efficiency under one-sun (non-concentrated) outdoor illumina-
tion, but the cells were made of III-V materials and arranged
such that the cell area was much larger than the aperture area, so,
economical operation is expected only under high concentration
[20]. The refractive method uses a prism to disperse sunlight to
PV cells with different bandgaps spaced laterally, but collimated
light is required in order to prevent overlap of spectral bands. The
advantage of holographic filtering is that the incident spectrum
can be simultaneously concentrated and split with a single op-
tical element, but sufficiently high diffraction efficiencies have
yet to be demonstrated, and the foci of the beams tend to fall
on a curved surface rather than a plane [21], [22]. Luminescent
filtering requires a dye with a high photoluminescence quantum
yield and a Stokes shift that is large enough to prevent reabsorp-
tion of emitted light, but not so large that a substantial fraction
of the photon energy is thrown away in the downshift [23], [24].
Here we propose a new two-junction or tandem concept that
employs absorptive or reflective filtering to optically couple
the sub-cells. This “PVMirror” technology utilizes PV cells as
a three-in-one technology—they act as a concentrating mir-
ror, spectrum splitter, and high-efficiency light-to-electricity
converter. Distinct from high-concentration multi-junctions,
PVMirrors convert part of the diffuse spectrum in addition to the
direct beam and can be used to couple two PV cells of wildly
different technologies or even one PV cell and a non-PV so-
lar energy converter. Two case studies are presented that show
performance improvement with the application of PVMirrors.

II. THE PYMIRROR CONCEPT

A PVMirror uses a one-sun PV cell to split the solar spec-
trum and reflect light that is not absorbed. This can be achieved
with a wide-bandgap cell in which the absorber’s bandgap acts
as the splitting edge. The same function is provided by the top
cell in a stacked tandem, but in a PVMirror a specular rear
reflector is employed so sub-bandgap light is reflected out the
front of the cell rather than transmitted. Alternatively, a PVMir-
ror can be made using reflective instead of absorptive filtering
by putting a spectrum-splitting dichroic mirror on top of the PV
cell, which can then have any bandgap, surface morphology, and
rear reflector. In either case, by arranging the PV cells so that
the specularly reflected light from many cells arrives at a com-
mon focus—as with a trough, dish, Fresnel mirror, or heliostat
field—the resulting concentrated light can be used to illuminate
another PV cell, power a thermal cycle, or drive any other solar
energy converter.

There are three main embodiments of PVMirrors. They are
shown in Fig. 1 for a PV-PV tandem in the trough geometry. The
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Fig. 1. Three PVMirror trough configurations illustrating the range of possible
embodiments. (a) Smooth, wide-bandgap cell and specular reflector, (b) textured
wide-bandgap cell and short-pass dichroic mirror, and (c) textured narrow-
bandgap cell and long-pass dichroic mirror. Note that the supporting structures
that determine the PVMirror geometry (e.g., curved glass on which the PV cells
are affixed) are not shown in this conceptual schematic.

first (Fig. 1(a)) uses a smooth (i.e., lacking surface texture that
would scatter light) wide-bandgap PV cell with a rear mirror.
The PV cell absorbs all super-bandgap light while specularly
reflecting all sub-bandgap light to a common focus, where a
narrow-bandgap cell or other receiver sits that is intended to
use the concentrated light. The second embodiment, shown in
Fig. 1(b), uses the same wide-bandgap PV cell but with a tex-
tured rather than smooth surface. In this case, it is necessary
to add a spectrally selective dichroic mirror in front of the cell,
which transmits only super-bandgap light while concentrating
sub-bandgap light at the focus. The advantage of this design
(and the next) is that, for indirect-bandgap cells, the textured
surface better traps the near-bandgap light transmitted through
the coating. (In a slight modification, the dichroic mirror can
be a band-pass design that transmits only near-bandgap light so
that both sub-bandgap and very-high-energy photons—which
lose most of their energy to thermalization if absorbed in the
PV cell—are rejected to the focus. This is appropriate if the
converter at the focus is wavelength agnostic—i.e., not another
PV cell as in Fig. 1(b).) The third embodiment represented in
Fig. 1(c) is similar to the second, but switches the PV cell posi-
tions so that narrow-bandgap cells (e.g., silicon cells) form the
PVMirror and a wide-bandgap cell is positioned at the focus.
With an adjusted (long-pass) dichroic mirror, all high-energy
photons are reflected to the focus while low-energy photons are
absorbed in the PVMirror. In this unusual tandem configuration,
sunlight hits the “bottom” cell first rather than the “top” cell. As
the per-square-meter cost of silicon PV cells is lower than any
comparable-efficiency wide-bandgap PV cell, this configuration
can be more quickly adopted by the market.

Manufacturing of PVMirrors should require little, if any, new
process and equipment development. For thin-film PV cells,
PVMirrors can be made by depositing the cells either on curved
glass or on flat glass segments that are then arranged to approxi-
mate the desired curvature. In the trough configuration, the latter
would look like SunPower or Cogenra’s low-concentration sil-
icon PV technology, but with wide-bandgap PVMirrors in the
place of silvered mirrors, as illustrated in Fig. 2. Alternatively,
thin-film cells can be deposited on a flexible metal sheet that
is then mounted curved, or on plastic or metal foil that is then
laminated to a curved surface. For wafer-based cells, lamination
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Fig. 2. The PVMirror configuration of Fig. 1(a) but with a segmented trough
consisting of flat PVMirror strips.

to either curved glass or flat segments is likely the best op-
tion. In fact, one can think of a PVMirror as simply a curved
(or segmented) PV module with a sophisticated anti-reflection
coating (Fig. 1(b) and (c)) or an excellent specular rear reflector
(Fig. 1(a)). In the Fig. 1(b) and (c) configurations, commercial
cells (thin film or wafer based) with any texture can be used,
whereas for the Fig. 1(a) configuration, smooth (and parallel)
cell surfaces are required to successfully direct reflected light
to the focus. In this case, either conformal layers (for thin-film
cells) or polished wafers are needed. This does not necessar-
ily imply expensive chemical-mechanical polishing that yields
atomically flat surfaces; for example, for silicon PV cells, our
recent results indicate that inexpensive HF/HNO; acid-based
chemical polishing yields >99% specularity of reflected light
[25], [26]. If a dichroic mirror is to be used, it can be sputtered or
evaporated onto the inner side of the front glass or plastic sheet,
or a polymer optical film like those from 3M can be applied on
the inner or outer side of the glass or plastic [27].

An advantage of PVMirrors for PV-PV tandems is that—Ilike
for all optically coupled tandems—the choice of top and bot-
tom cells is free of lattice- and current-matching restrictions.
Furthermore, either the wide- or narrow-bandgap cell can be
placed under concentration at the focus depending on the rel-
ative cell costs. Alternatively, a non-PV solar converter can
receive the concentrated light, making PVMirrors amenable to
hybridization with technologies that offer additional function-
ality, such as storage with solar thermal systems. An additional
advantage is that the PVMirror itself has a lower one-sun op-
erating temperature than a comparable flat-plate PV module as
it reflects sub-bandgap light (Fig. 1(a) and (b)), super-bandgap
light (Fig. 1(c)), or both if using a band-pass dichroic mirror.
This reduces infrared parasitic absorption or thermalization of
electron—hole pairs generated by high-energy photons, both of
which increase the operating temperature of a PV module above
the ambient temperature.

However, the greatest benefit of PVMirrors over most other
tandem concepts—and concentrating solar thermal power (CSP)
systems, incidentally—is that PVMirrors make use of a portion
of the diffuse light, whereas concentrator systems cannot. This is
enabled by the unusual PVMirror design in which the sub-cell
that forms the PVMirror receives one-sun, global irradiation,
while the sub-cell at its focus receives concentrated direct light.
Fig. 3 shows that, under standard (cloud-free) AM1.5 condi-
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Fig. 4. Global insolation and fraction of diffuse radiation on a North-South-
axis tracking plate for different locations in the U.S. [16].

tions, diffuse light still accounts for 10% of the global incident
power. Furthermore, Rayleigh scattering blue-shifts the spec-
trum so that about 80% of the diffuse power is at wavelengths
below 800 nm; this means that even a relatively wide-bandgap
cell can capture most of the blue-sky diffuse light. Fig. 4 shows
the global solar insolation and relative diffuse percentage for
various geographic locations in the USA; the most striking fea-
ture is that there is much more diffuse light than the 10% at-
tributable to atmospheric scattering under AM1.5 conditions.
The additional diffuse light is primarily due to cloud scatter-
ing, and from data measured by NREL, we know the associated
spectrum to be relatively white, much like the AM1.5 direct or
global spectra [28].

III. CASE STUDY I: PV-PV TANDEM

We believe that future high-efficiency tandems for one-sun or
low-concentration applications will likely be based on silicon,
as silicon PV already has GW-scale production capacity and
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has proved itself to be a difficult technology to displace in the
past [29]. More importantly, the bandgap of silicon is close to
ideal for a bottom cell in tandems. The challenge is to find
a top cell with the right bandgap and high enough efficiency
to produce a tandem that outperforms the (already excellent)
silicon cell on its own. A GalnP cell has been demonstrated
that would be suitable: the absorber had a bandgap of 1.8 eV
and the cell had a record efficiency of 20.8% [30]. Unfortu-
nately, a 4% lattice mismatch limits its application on silicon in
the conventional two-terminal monolithically integrated tandem
configuration. Wafer-bonding is one route to escape epitaxy, and
Derendorf et al. demonstrated a 20.5%-efficient wafer-bonded
multi-junction cell under one-sun illumination [31]. An alterna-
tive is to grow epitaxial top cells of other, near-lattice-matched
III-V materials such as GaAsP; Connolly et al. predicted a
GaAsP/Si tandem cell with an efficiency of 32.2% [32]. With the
emergence of low-cost halide perovskite PV cells with rapidly
improving efficiencies, perovskite/Si tandems have also become
a popular research topic. A theoretical analysis by Loper et al.
showed that a 35%-efficient tandem is attainable, but will re-
quire proper material and device development [33]. Another
promising candidate to pair with silicon is CdTe-based II-VI
materials, which Garland et al. calculated may result in higher
multi-junction cell efficiencies (and with lower cost) than is pos-
sible with III-V multi-junction cells [34]. Besides silicon, CdTe
is the only competitive technology in the present flat-plate PV
market, and ternary alloys of CdTe with Mg, Zn, or Mn have
bandgaps that vary from 1.48 eV to 3.5 eV [35], thus spanning
the 1.6-1.8 eV range that is required for current matching with
silicon [36]. Xu et al. calculated that, using Cdg. 5Zng 5 Te with
abandgap of 1.8 eV as a top cell on silicon, a one-sun efficiency
of 35.4% is possible [37].

To investigate the potential of PVMirrors for silicon-based
tandems, we consider an example in which a hypothetical Cd-
MgTe PV cell with a 1.8 eV bandgap and an efficiency of 21.1%
(under one-sun AM1.5 global illumination) is paired with a
22%-efficient silicon heterojunction cell. The external quantum
efficiency (EQE) and other key one-sun parameters of each cell
separately (prior to tandem formation) are shown in Fig. 5. The
short-circuit current density (Jgc) values were calculated by
integrating the product of the EQE and AM1.5 global spectral
photon flux. The EQE of the silicon heterojunction cell was
measured, whereas the EQE of the hypothetical CdMgTe cell
was obtained by shifting the EQE of a record CdTe cell [38].
The resulting Jsc of 20.37 mA/cm? agrees with that modeled
by Xu et al. [37] The open-circuit voltage (V) of the silicon
heterojunction cell was assumed to be 730 mV—below what we
regularly measure for cells made in our lab—and the V¢ of the
hypothetical CdMgTe cell was set to 1.31 V, consistent with that
demonstrated by Carmody et al. [39]. A conservative fill factor
(FF) of 79% was taken for both cells—Panasonic has demon-
strated 83.2% in a silicon heterojunction cell and First Solar
reported 80.0% in a CdTe cell [40]. The “spectral efficiency”
shown in Fig. 5(b) was calculated according to:

Efﬁciency()») = Jsc ()») -Voc - FF, (1)
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Fig.5. Performance of the CdMgTe and silicon heterojunction PV cells used in
the tandem simulations. The reported values are those that would be measured
for the individual cells with (normally incident) AM1.5 global illumination.
The Jgc value in parentheses is the calculated current density for the silicon
heterojunction cell when used as the bottom cell in a (one-sun) monolithic
tandem. (a) EQE and (b) photon-to-DC-power spectral efficiency of the CdMgTe
(blue) and silicon heterojunction (red) PV cells.

where

A
— 4 hc
and ¢, h, and c have their usual meanings, A is the wavelength
in nm, and F is the spectral irradiance of the AMI1.5 global
spectrumin W-m~2-nm~'. This spectral efficiency plot is helpful
in predicting the maximum possible tandem device performance
when coupling two cells because the output of the cells can be
compared directly at any desired wavelength.

To assemble the two sub-cells into a tandem, the CdMgTe
top cell is arranged into a segmented parabolic shape to form
a PVMirror (Fig. 2) and the silicon heterojunction bottom cell
is placed at the (line) focus. We simulated the performance of
this PVMirror tandem system assuming 20X geometric con-
centration at the focus, and compared the result with that of a
monolithic tandem (employing the same sub-cells) under both
one-sun illumination and 20X geometric concentration. First,
we calculated the efficiencies that would be measured in a lab-
oratory setting with a flash tester that illuminates the cells with
the AM1.5 global spectrum at nominally normal angle of in-
cidence (no diffuse light). (This procedure is a compromise
between those used to certify the efficiencies of flat-plate and
concentrated PV cells.) To do this, the Jg¢ of each sub-cell was
calculated from its EQE (Fig. 5) and the specific spectrum and
irradiance it receives (e.g., the bottom cell is illuminated only
with light not absorbed in the top cell and is under concentration
in two of the configurations). Next, the one-sun current—voltage
parameters in Fig. 5 were used to calculate the Vo and FF of
each sub-cell given the photogeneration just calculated. Finally,
the power outputs of the sub-cells were summed and normal-
ized to the incident power. We assumed no efficiency loss in any
of the cells during tandem formation, i.e., no optical losses for
the PVMirror or 20X monolithic tandems, and no current- or
lattice-matching losses in either monolithic tandem. The in-lab

Jsc(n) EQE(2) - F(2), 2)
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TABLE I
COMPARISON OF CDMGTE/ST MONOLITHIC AND PVMIRROR TANDEMS

20X PVMirror tandem

One-sun monolithic tandem 20X monolithic tandem

Current matching Not required Required Required
Lattice matching Not required Required Required
Diffuse light collection 300-700 nm 300-1200 nm None
Material consumption Full-area CdMgTe, 1/20-area Si Full-area CdMgTe and Si 1/20-area CdMgTe and Si
In-lab efficiency (AM1.5G, normal) 34.3% 33.4% 35.6%
Solar resource (Phoenix) Direct light: 6 kWh/m?/day Diffuse light: 2 kWh/m?/day

Outdoor efficiency 32.5% 33.4% 26.5%

DC energy output 2.60 kWh/m?/day 2.67 kWh/m?/day 2.12 kWh/m?/day
Solar resource (Miami) Direct light: 3.6 kWh/m?/day Diffuse light: 2.8 kWh/m?/day

Outdoor efficiency 28.8% 32.4% 20.5%

DC energy output 1.84 kWh/m?/day 2.07 kWh/m?/day 1.31 kWh/m?/day

efficiencies, therefore, reflect the maximum attainable values
given the sub-cells and the chosen tandem configurations.

To compare the tandem configurations in realistic outdoor
settings, we also calculated their outdoor efficiencies and an-
nually averaged daily energy outputs when placed on North—
South-axis trackers in Phoenix and Miami, which have diffuse
light fractions of 25% and 42%, respectively. Direct and diffuse
light were treated separately and—in Phoenix—were assumed
to have the AM1.5 direct and AM1.5 diffuse (global minus di-
rect) spectra shown in Fig. 3, normalized to Phoenix’s direct and
diffuse fractions. Calculations for Miami were the same except
the AML1.5 global spectrum was used in place of the AM1.5
diffuse spectrum (for the 42% diffuse fraction). This variation
in the assumed spectrum for diffuse light represents our best at-
tempt to approximate the local conditions: most days in Phoenix
are cloud-free, and thus, the diffuse light there should be blue-
shifted'; many days in Miami are cloudy, and we expect cloud
scattering to result in a comparatively white spectrum. Inde-
pendent of location, our calculations assumed that the one-sun
monolithic tandem absorbs both direct and diffuse light, the
20X monolithic tandem absorbs only the direct light, and the
20X PVMirror tandem absorbs both in the CdMgTe top cell but
only direct light in the silicon heterojunction bottom cell.> We
did not account for degradation in Vo due to the increased
operating temperature of the cells in outdoor environments. The
power output of each tandem was normalized to the global in-
put power to arrive at the outdoor efficiency, and the efficiency
was multiplied by the annually averaged daily global insolation
on a North—South-axis tracker (given in Table I) to determine
the energy output. Table I displays the results of these calcula-
tions, as well as the in-lab efficiencies discussed above and the
advantages and drawbacks of each configuration.

The 20X monolithic tandem has the highest in-lab efficiency,
but has the lowest outdoor energy output as it captures no dif-
fuse light. This discrepancy becomes larger for locations with a
higher fraction of diffuse light: For example, in Miami, the 20X

! Assuming the AM1.5 global spectrum instead in Phoenix (cloud scattering
dominates Rayleigh scattering) changes the results by less than 5% relative.

2Note that, although the geometric concentration ratio is 20, the effective con-
centration ratio (generation rate multiplier) in the bottom cell is approximately
8 in Phoenix and 6 in Miami because only direct light not absorbed in the top
cell reaches the PVMirror focus.

monolithic tandem’s average efficiency is only slightly more
than half the cell’s in-lab efficiency. The 20X PVMirror tan-
dem has a higher in-lab efficiency than the one-sun monolithic
tandem because the silicon heterojunction bottom cell is un-
der concentration, but a lower in-lab efficiency than the 20X
monolithic tandem, for which both cells are under concentra-
tion. More importantly, the PVMirror tandem has a significantly
higher outdoor energy output than the 20X monolithic tandem
and an output nearly as high as the one-sun monolithic tandem
because it both collects most of the available diffuse light in
the CdMgTe top cell, especially in blue-sky Phoenix, and it
benefits from the aforementioned concentration in the bottom
cell. Although the PVMirror tandem energy output is slightly
lower than that of the (current-matched) monolithic tandem,
the levelized cost of electricity generated by the PVMirror tan-
dem would be lower (given the same balance-of-systems cost)
because it consumes 20 times fewer silicon cells.

The above analysis considered ideal tandems in which two
individual sub-cells were coupled without loss. Real PVMir-
ror tandems are expected to approach much closer to this ideal
than monolithic tandems. In PVMirror tandems, the sub-cells
are fabricated separately and on their own respective substrates
(if used), which allows for complete freedom in optimiza-
tion of each sub-cell; the dominant challenges in monolithic
tandems—material and process compatibility—are eliminated.
Consequently, PVMirror tandems should be free of, e.g., high
recombination currents at defects induced during epitaxy and
parasitic absorption in graded buffer layers—common prob-
lems in monolithic tandems. In addition, monolithic tandems
will frequently experience current mismatch in real meteoro-
logical conditions even when designed to be current matched
in the lab [41], [42], resulting in power losses not incurred by
PVMirror tandems and other four-terminal designs. The largest
anticipated losses in real PVMirror tandems are an elevated tem-
perature of the silicon cell under concentration (which is miti-
gated by sending it only infrared light), scattering of reflected
light due to PVMirror soiling, an inhomogeneous distribution of
concentrated light on the silicon cell, and parasitic absorption of
sub-bandgap light in the CdMgTe top cell, which will reduce the
illumination on the bottom cell. Most sub-bandgap absorption is
due to free-carrier absorption (e.g., in doped layers, transparent
conductive oxides, or metals) and must be carefully controlled



1796

IEEE JOURNAL OF PHOTOVOLTAICS, VOL. 5, NO. 6, NOVEMBER 2015

TABLE II
CSP PERFORMANCE USED IN CASE STUDY II CALCULATIONS

Tracking and trough Receiver thermal loss

absorption loss

Receiver optical loss

Rankine efficiency

Power block parasitic loss ~ Thermal loss for stored heat ~ CSP efficiency”

19% 12% 20%

35%

* Average system efficiency with respect to direct light only and with no thermal storage.

for PVMirror configurations that use absorptive filtering (as in
Figs. 1(a) and 2).

Are PVMirror tandems dependent upon the prior develop-
ment of cheap, efficient, wide-bandgap, thin-film, one-sun top
cells like CdMgTe? No. As shown in Fig. 1(c), it is possible to
move the wide-bandgap top cell to the focus and use a narrow-
bandgap cell with an additional long- or band-pass dichroic
mirror to form the PVMirror. This configuration is economi-
cally preferred if the top cell is more expensive than the bottom
cell, as the cost of the cell at the focus is always discounted by
the concentration ratio. An example is a PVMirror with silicon
cells directing short wavelengths to a small-area, high-efficiency
(and expensive) GalnP cell.

IV. CASE STUDY II: PV-CSP TANDEM

PVMirrors can also be used with non-PV solar energy con-
verters designed to operate under concentration, including, e.g.,
CSP receivers. There are four main types of CSP collectors—
trough, dish, Fresnel mirror, and heliostat—and PVMirrors can
in principle be used in place of any of them by adopting the
right curvature. Generally, all three PVMirror configurations
introduced in Fig. 1 suit all four types of collectors; however,
heliostats are unique in that they direct light to a fixed central
receiver, which means that there is a large variation in the angle
of incidence on each heliostat throughout the day. As dichroic
mirrors like those in Fig. 1(b) and (c) tend to be sensitive to angle
of incidence, particularly at grazing angles, the specular-rear-
reflector PVMirror configuration shown in Fig. 1(a) is preferred
for heliostats.

In this case study, we consider utility-scale trough CSP, which
employs a mirrored parabolic trough on a North—South-axis
tracker to reflect all wavelengths to a black receiver tube (aver-
age concentration on the tube of approximately 27X) filled with
a flowing heat-transfer fluid. Trough CSP is the most mature of
the CSP technologies but has a low demonstrated average effi-
ciency of 10-15% (with respect to the global insolation) [43].
There are two reasons for this modest efficiency: no diffuse light
is intercepted by the receiver tube and the conversion of direct
light to electrical power suffers from the many small losses
given in Table II [44]. These are compounded to yield an effi-
ciency of 18.0% with respect to direct light only. By replacing
mirrored troughs with PVMirrors, we expect to mitigate both
CSP losses: The PV cells will collect diffuse (in addition to
direct) light within a particular spectral band, and this light will
be converted to electrical power with efficiencies much greater
than 18.0%. It is tempting to simply replace the CSP troughs
with flat-plate PV modules—SunPower modules on single-axis
trackers would yield efficiencies of approximately 21% with re-
spect to the global insolation—but CSP offers the advantage of
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Fig. 6. Photon-to-AC-power spectral efficiencies of the silicon heterojunction
PVMirror and trough CSP system used in calculations for Case Study II. Also
shown are the assumed reflectance and transmittance of the band-pass dichroic
mirror located in front of the PV cell.

economical energy storage and thus dispatchable electricity, as
well as superior efficiency at long and short wavelengths, which
are poorly used by PV cells. A PV-CSP tandem utilizing PVMir-
rors is expected to match the efficiency of flat-plate PV while
retaining the same total dispatchable-electricity capacity of CSP.

We assumed a trough PVMirror with the same silicon hetero-
junction PV cells that were used in Case Study I, but with the
cells on the glass trough to form the PVMirror rather than at its
focus. Fig. 6 again shows the spectral efficiency of this cell—this
time including additional losses described below—as well as the
wavelength-agnostic CSP efficiency (to direct light only). Note
that wavelengths shorter than 500 nm or longer than 1100 nm
are best reflected to the receiver tube, as CSP has a higher con-
version efficiency than the silicon heterojunction cell at these
wavelengths. We thus included a band-pass dichroic mirror in
the PVMirror to arrive at a configuration similar to those de-
picted in Fig. 1(b) and (c). The band-pass mirror was assumed
to have 90% transmittance in the pass-band and 90% reflectance
in the reject bands (shown in Fig. 6), and the pass-band width
and cut-off wavelength (transition from transmitting to reflect-
ing) were varied. Note that polymer dichroic mirrors with better
than the assumed 90%/90% performance are available from,
e.g., 3M for ~20 $/m>. The PVMirror PV-CSP tandem effi-
ciency and energy output was modeled in Phoenix and Miami
with the same methodology used in Case Study I, but additional
PV losses were included to ensure that PV and CSP were eq-
uitably compared. In particular, this case study assumed a 10%
cell-to-module or cell-to-PVMirror loss and a 4% DC-to-AC
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Fig. 7. Performance of a PV—CSP tandem located in Phoenix or Miami as a
function of the pass-band width and cut-off wavelength of the band-pass dichroic
mirror. The color contours represent the outdoor system efficiency (with respect
to the global insolation) assuming no thermal storage, and the line contours
represent the PV/CSP power output split in percentage of PV. The black dots
indicate the band-pass mirror characteristics that result in the highest efficiency
for a given PV/CSP split.

inverter loss (all tandems in Case Study I generate DC power and
were compared on the cell level for simplicity; thus, these losses
were neglected). We assumed that the PV-CSP tandem operates
with the same Rankine efficiency of a pure CSP system (given in
Table II), which requires that the heat-transfer fluid reach the
same outlet temperature despite reduced heat flux (i.e., by a
reduced fluid flow).

The first step in modeling the PV—CSP tandem is to determine
the optimal band-pass dichroic mirror characteristics for the
PVMirror. Fig. 7 displays color contour plots of the outdoor
efficiency of PV-CSP tandems in Phoenix and Miami for a
range of mirror pass-band widths and cut-off wavelengths. Also
shown with line contours is the PV/CSP split—the fraction of the
AC power output that comes from the PV cells. Fig. 7 assumes
no dispatchable electricity; thermal storage is treated separately
below. The highest efficiency of approximately 21.8% can be
achieved in Phoenix with a wide pass-band that sends most of the
sunlight to the PV cells (as expected from Fig. 6). However, this
has the consequence that a small fraction of light is sent to the
receiver tube, resulting in CSP contributing only 20% of the total
output power. It is unlikely that the cost of a CSP system, with the
associated thermal energy storage, power block, and collector
field, would be justified for this small power output. Although
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a unique feature of this tandem is that the PV/CSP split can be
varied according to the desired plant design, a 50% split is likely
a sensible balance between higher efficiency and greater storage
capacity. To achieve the highest efficiency with this constraint,
Fig. 7 indicates that the pass-band should be 260-340 nm wide,
depending on the diffuse fraction, and have a cut-off wavelength
of roughly 1100 nm, independent of diffuse fraction (and, in fact,
independent of the prescribed PV/CSP split).

Table III compares the outdoor efficiencies and annually av-
eraged daily energy outputs for a PV-CSP tandem with a 50%
split (assuming the optimum mirrors identified by the black dots
on the 50% lines in Fig. 7), a flat-plate PV system with the same
heterojunction cells on the same North—South-axis tracker, and
atrough CSP system. The PV and CSP systems are conceptually
like PV—CSP tandems with splits of 100% and 0%, respectively,
corresponding to either omitting the dichroic mirror or making
it a broadband reflector. As in Fig. 7, Table III assumes no dis-
patchable electricity. The PV-CSP tandem using a PVMirror
generates nearly as much electricity in Phoenix as the pure PV
system and 36% more than the pure CSP system; in Miami it falls
short of the PV system? but still produces almost as much energy
as the pure CSP system in Phoenix. Consequently, PVMirrors
may extend the geographical reach of CSP, which has tradition-
ally been limited to the high-direct-insolation Southwest.

At first glance, Table III appears to indicate that a PV-CSP
tandem with a 50% split is inferior to a pure PV system in all
locations; however, Table III ignores the thermal storage capac-
ity of both the PV-CSP tandem and the pure CSP system. With
increasing PV penetration, the marginal value of additional PV
on the electricity grid is expected to diminish [45] and utilities
that want to install renewable power plants will begin adding
battery storage or return to CSP with thermal storage. Given a
9% loss in energy of stored heat, the outdoor system efficiency
is shown in Fig. 8 as a function of CSP storage fraction for PV-
CSP tandems, a pure CSP system, and a pure PV system. The
efficiencies for a storage fraction of zero correspond to those in
Table III. On average, storing all of the heat generated in the
receiver tube prior to electricity generation (all CSP electricity
is dispatchable) results in a 1% absolute decrement in system
efficiency. For a typical pure CSP system, roughly one-third
of its electricity (0.36 kWh/m?/day in Phoenix) is dispatchable
(e.g., Solana operates for roughly twelve hours a day and is
designed for six hours of storage), and it will operate at 13.2%
efficiency in Phoenix according to Fig. 8. For a PV—-CSP tandem,
the dispatchable electricity is the product of the PV/CSP split,
CSP storage fraction, and total system energy output. Thus,
PV-CSP tandems in Phoenix with a 40% split and 46% stor-
age fraction, 50% split and 51% storage fraction, and 70% split
and 74% storage fraction will all have 0.36 kWh/m?/day of dis-
patchable electricity as well, but will operate with efficiencies of
16.4, 17.7, and 20.2%, respectively (see dots in Fig. 8). With a
properly selected band-pass dichroic mirror, a PVMirror-based
PV-CSP tandem can therefore operate—in principle—at higher

3The efficiency of the PV system is higher in Miami than in Phoenix because
the diffuse light in Phoenix was assumed to be bluer and thus poorly matched
to silicon’s bandgap. Also the angular dependence of reflection from the front
surface of the module was not considered, so the higher diffuse fraction in
Miami comes with no penalty.
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TABLE III
COMPARISON OF A PV-CSP TANDEM WITH TROUGH CSP AND PV SYSTEMS

PV-CSP tandem system (50% split) Trough CSP system PV system
Solar resource (Phoenix) Direct light: 6 kWh/m?/day Diffuse light: 2 kWh/m?/day
Outdoor efficiency 18.3% 13.5% 19.0%
AC energy output 1.46 kWh/m?/day 1.08 kWh/m?/day 1.52 kWh/m?/day
Solar resource (Miami) Direct light: 3.6 kWh/m?/day Diffuse light: 2.8 kWh/m?/day
Outdoor efficiency 15.5% 10.5% 19.4%
AC energy output 0.99 kWh/m?/day 0.67 kWh/m?/day 1.24 kWh/m?/day
22 T would particularly make sense if electricity were also required
2 - V/CSP split: 70% in the detoxification process (or by the plant facilities), since it
_ E @ /o 202% 0% 3| E would be generated on site [47].
o - T T === __1 L [0} . .
s 18 | M | = This paper has focused on efficiency and energy output, but
& 6 E 17.7%, - f the astute reader will also want to know about cost. A good “san-
3 - -----164% so00 31 8 ity check” is to compare the installed cost per annual energy
T 14 PE— E yield (equivalent to levelized cost of electricity given similar
E, o E Solana” - depreciation times and operating costs) of a PVMirror system
(% = 13?2;03 CsPonly 3 and each of its coqpled solar energy converters individually. For
0= """ example, comparing the PV-CSP tandem and pure CSP sys-
e E - “PA:‘;?]?'X ] tems in Case Study II, the tandem saves the cost of the silver on
il NN A NN N R the mirrors but adds the cost of PV cells, a band-pass dichroic
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Fig. 8. Outdoor system efficiency (with respect to the global insolation) of
a PV=CSP tandem as a function of the fraction of the CSP AC power output
that is dispatchable. Stored heat is assumed to incur a 9% loss. Data are shown
for PV/CSP splits of 40-70%, and the product of the PV/CSP split and CSP
storage fraction is the fraction of the total system AC power output that is
dispatchable. Also plotted are the efficiencies of pure CSP and PV systems. The
dots and adjacent system efficiencies correspond to configurations that provide
0.36 kWh/m?/day of dispatchable electricity.

efficiency than a pure PV system while maintaining the full dis-
patchability of a pure CSP system. In practice, and as discussed
previously, it is likely preferable to operate with a more equi-
table PV/CSP split and even higher storage capacity to justify
the cost of the power block and thermal energy storage.

V. OUTLOOK

The universality of the PVMirror design lies in its ability to
turn a narrow- or wide-bandgap PV cell into a tandem with
nearly any other solar energy converter. We analyzed two case
studies that demonstrate the great flexibility of PVMirrors: In
one, a wide-bandgap PV cell was coupled to a second PV cell
via absorptive filtering; in the other, a narrow-bandgap PV cell
was coupled to a thermal absorber via reflective filtering. In both
cases, the PVMirror tandems performed well compared to exist-
ing technologies. Other hybridizations can also be envisioned;
the key is to find converters that “like” input spectra complemen-
tary to the spectrum absorbed by the cells in the PVMirror. For
example, in solar chemistry, high-energy photons are required
to degrade hazardous organic chemical compounds [46]. A pos-
sible detoxification process could thus be to flow hazardous
chemicals through a pipe located at the focus of a PVMirror
employing narrow-bandgap cells and a dichroic mirror. This

mirror, lamination materials, inverters, and field wiring. We es-
timate that this corresponds to a 30% increase in the cost of
the collector field, which itself comprises one-third the cost of
a trough CSP power plant [44], leading to a 10% increase in the
total installed system cost. For a total dispatchable electricity (or
storage) capacity identical to a pure CSP system, we calculated
that the tandem has up to a 53% greater annual energy yield, cor-
responding to a 28% savings in cost per energy. Comparing the
PV-CSP tandem and pure PV system in Case Study II, the tan-
dem adds the cost of glass curving and the associated additional
support, receiver tubes and fluid, a power block, and thermal
energy storage. We estimate that this doubles or triples the in-
stalled cost, depending on the size of the power block, for no
significant increase in energy output. Consequently, a PV—-CSP
tandem is preferred over a PV system only if the utility com-
pany values dispatchable electricity at a substantial premium
over variable electricity. This may seem unlikely, but the calcu-
lation is even less favorable when comparing pure CSP and pure
PV, yet CSP power plants exist. In general, a PVMirror-based
tandem is economically competitive when the two constituent
solar energy converters have significant overlap in their most
expensive components or infrastructure (e.g., glass, trackers,
land); in this case, the marriage of the converters eliminates
duplication of the associated costs.
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