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A B S T R A C T

A novel hybrid concentrating solar power/concentrating photovoltaic (CSP/CPV) collector is designed, simu-
lated, and optimized for the purpose of power generation. The two-stage concentrator combines a primary
parabolic trough with a secondary compound parabolic concentrator (CPC). Single junction Indium Gallium
Phosphide (InGaP) and dual junction (InGaP)/Gallium Arsenide (GaAs) solar cells are examined as spectrally
reflective beam splitting solar cells. The secondary CPC profile is optimized to guarantee geometric efficiency
despite a non-continuous (i.e. segmented) profile and the final two-stage design achieves a geometric con-
centration ratio of 50× on the thermal absorber. Optical, thermal, and cell performance models are used to
determine net electric production for different configurations of the hybrid collector and combined with cost
estimates to calculate $/Wexergy and $/Welectric. The down-selected design incorporates dual junction InGaP/GaAs
cells, achieves 40% solar-to-exergy efficiency and 23% solar-to electric-efficiency at 600 °C, with a thermal
fraction of 73% and installs for an estimated $2.15/Welectric.

1. Introduction

In the application of solar to electric power generation there are two
main techniques: Concentrating Solar Power (CSP) and Photovoltaics
(PV).

CSP systems generate electricity in a similar fashion to typical
power plants, but using concentrated solar radiation to generate useful
temperatures in a heat transfer fluid (HTF) which is delivered to a
steam Rankin cycle. Most CSP plants use parabolic troughs (Fernández-
García et al., 2010) operating with thermal oils near 400 °C and achieve
instantaneous solar to electric conversion efficiencies around 20%
(Price et al., 2002). The conversion of heat to work in CSP plants is
limited by the maximum Carnot efficiency (ηCarnot), described by
equation 1, which increases with the temperature difference between
the hot (TH) and cold (TC) reservoirs.

= −η T
T

1Carnot
C

H (1)

As a result, the main drive in CSP research today is toward the
development of high concentration systems (power towers with con-
centration ratios> 1000) (Behar et al., 2013) capable of generating
temperatures> 700 °C and both high temperature receivers and HTFs

(Vignarooban et al., 2015) (molten salts, solid particulates, gases)
which can operate efficiently and reliably at such temperatures (Mehos
et al., 2017).

PV systems generate electricity by an entirely different, wavelength-
dependent quantum process. A PV semiconductor is responsive at a
single wavelength, dictated by its material bandgap energy. Photons
with energies above the bandgap generate electron hole pairs and
produce a usable current. Low energy photons are absorbed as heat and
the excess energy in high energy photons is converted to heat through a
process known as thermalization. Thus, with a low energy cutoff and
diminishing returns at higher energies, solar cells are most effective at
generating electricity within specific spectral windows which limits
single-junction cells to a maximum ∼33.5% solar to electric efficiency
(Shockley and Queisser, 1961). This is most closely approached by
Gallium Arsenide (GaAs) which has demonstrated a small area cell ef-
ficiency of 28.8% (Green, 2017), but commonly available commercial
silicon modules are closer to ∼20% (Smith et al., 2013).

Multi-junction cells under concentration, however, have achieved
efficiencies up to 46% (Green et al., 2017). This is made possible by
stacking cells with different bandgaps to optimally harvest separate
portions of the solar spectrum as it is transmitted through the stack.
This technique is known as spectral beam splitting (SBS), where the

https://doi.org/10.1016/j.solener.2018.03.015
Received 16 August 2017; Received in revised form 1 March 2018; Accepted 5 March 2018

⁎ Corresponding author at: University of California, Merced – 5200 Lake Rd, Merced, CA 95343, USA.
E-mail addresses: bwidyolar@ucmerced.edu (B. Widyolar), ljiang2@ucmerced.edu (L. Jiang), mabdelhamid@ucmerced.edu (M. Abdelhamid), rwinston@ucmerced.edu (R. Winston).

Solar Energy 165 (2018) 75–84

0038-092X/ © 2018 Published by Elsevier Ltd.

T

http://www.sciencedirect.com/science/journal/0038092X
https://www.elsevier.com/locate/solener
https://doi.org/10.1016/j.solener.2018.03.015
https://doi.org/10.1016/j.solener.2018.03.015
mailto:bwidyolar@ucmerced.edu
mailto:ljiang2@ucmerced.edu
mailto:mabdelhamid@ucmerced.edu
mailto:rwinston@ucmerced.edu
https://doi.org/10.1016/j.solener.2018.03.015
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solener.2018.03.015&domain=pdf


solar spectrum is harnessed as a tool to maximize conversion efficiency.
In the past 5 years the price of installed solar PV in the US has

dropped by a factor of two (Fu et al., 2016), increasing solar penetra-
tion onto the grid and manifesting effects such as the “Duck Curve” in
California which has reduced grid stability and the value of additional
PV installations (Palmintier et al., 2016). Time-shifted energy produc-
tion is possible through the deployment of battery banks, but current
costs are large enough to not be economically viable. Thermal energy
storage (TES), on the other hand, is a relatively cheap addition to a CSP
plant which enables dispatchable renewable electricity generation
(Mehos et al., 2016) and increases the value of additional capacity on
the grid (Denholm et al., 2013). Deployment of these systems on a
meaningful scale, however, requires reductions to the currently high
capital costs for CSP systems.

In 2013, ARPA-E released the FOCUS solicitation (Advanced
Research Projects Agency, 2014) to develop advanced hybrid solar
converters which, by employing SBS, could more optimally exploit the
solar spectrum and reach higher conversion efficiencies. In doing so
they might be able to reduce the levelized electricity cost from hybrid
plants to a point where these plants are economically viable and enable
deployment of TES systems (Branz et al., 2015). The program has re-
vitalized the field with an emphasis on experimental work, which to-
date has been sparse compared to the published theoretical works. For a
detailed summary on the historical and current state of SBS research,
the reader is referred to the following review papers by Imenes and
Mills, 2004, Mojiri et al., 2013, Ju et al., 2017.

To date much of the research has been performed in China,
Australia, and the U.S. (Ju et al., 2017). Most SBS systems use either
interference filters (Orosz et al., 2016; Yu et al., 2015; Raush and
Chambers, 2014) or liquid absorptive filters (Otanicar et al., 2016;
DeJarnette et al., 2016; DeJarnette et al., 2015) to perform spectrum

splitting, which are tuned to match the solar cells being used. Silicon
cells are by far the most common solar cells studied due to their low
cost and availability, but the qualities that make them ideal as one-sun
cells (low, broad-band conversion efficiency) makes them less so for
spectrum splitting systems (Widyolar et al., 2018) and III–V cells and
multi-junction cells are becoming more common. Linear Fresnel (Liu
et al., 2014), parabolic trough (Stanley et al., 2016), dish (Shou et al.,
2011; Xu et al., 2016), and tower configurations (Segal et al., 2004)
have all been described with typical design solar-to-electric efficiencies
between 20 and 30%. The economics of trough systems (drop-in retrofit
and new) has been calculated between $1.0 and 2.30/Welectric (Duquette
and Otanicar, 2012; Orosz et al., 2016).

Remaining challenges for interference filters include cost reduction
for large filters and angular spectral control, whereas absorptive filter
systems require further development with regards to stability and high
temperature operation. Beam splitting also tends to reduce operating
temperatures which limits the ability to charge thermal storage systems
and brings into question its practical application. With so many dif-
ferent techniques, applications, and preferred metrics, it becomes dif-
ficult to compare between systems reported in the literature. The most
recent review (Ju et al., 2017) highlighted these issues, indicating the
need for higher temperature designs, standardized metrics, and a better
understanding of the economics of hybrid SBS systems.

In this paper we develop and optimize a CSP/CPV receiver for
power generation which employs a novel spectrum splitting technique
using spectrally selective solar cell mirrors. A secondary nonimaging
concentrator evens the flux distribution on the absorber and provides
high concentration for efficient operation at elevated temperatures
(> 600 °C). The use of solar cell mirrors bypasses issues with inter-
ference or absorptive filters. In Section 2 we design the optical system
which is optimized to produce high concentration on the absorber and

Nomenclature

ηCarnot carnot efficiency
Tc cold reservoir temperature
TH hot reservoir temperature
C C, x concentration ratio
θ half acceptance angle
ϕ half rim angle
f focal length
A1 primary aperture area
A2 secondary aperture area
A3 absorber area
ηcell cell efficiency
q elementary charge
λ wavelength
h Planck’s constant
c speed of light
EQE external quantum efficiency
Voc open circuit voltage
FF fill factor
ηband in-band cell efficiency
Gdirect ASTM direct reference spectrum
ρ reflectance
τ transmittance
α absorptance
β temperature coefficient
Cx strip, concentration on strip
Astrip area of cell strip
η strip0, incident light on strip
ηcell strip, efficiency of cell strip
ηCx efficiency boost from concentration
nstrips number of strips

ηsystem cells, system cell efficiency
ηcell cooling waste heat efficiency
ηabs strip, amount absorbed by cell strip
∊ emissivity
ηthermal thermal efficiency
η thermal0, optical efficiency of thermal stream
σ Stefan-Boltzmann constant
Tabs absorber temperature

∞T ambient temperature
DNI direct normal irradiance
ηexergy exergy efficiency
ηHX plant thermal efficiency
ηPB net, power block net efficiency
ηelectric solar-to-electric conversion efficiency

Abbreviations

CSP concentrating solar power
PV photovoltaics
HTF heat transfer fluid
GaAs gallium arsenide
SBS spectral beam splitting
TES thermal energy storage
CPV concentrating photovoltaics
PTC parabolic trough collector
HCE heat collecting element
CPC compound parabolic concentrator
CAP concentration acceptance product
InGaP indium gallium phosphide
ASTM American Society of Testing Materials
SAM system advisor model
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